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INTRODUCTION -

The present paper deals with fairy rings caused by fleshy fungi. The
rings due to other causes, such as the grass rings, are not considered.
The fungus rings are marked either by the fruiting bodies of the fungus
or by a stimulated or a depressed growth of the natural vegetation or
the cultivated crop. Fairy rings may become so abundant locally as
to affect materially the crop yields of fields. On lawns they cause
unsightly bare spots and dark-green areas, and in small experimental
plots cause either a total loss of crop or a greatly increased yield. They
are undesirable in all cases, and their eradication is a matter of practical
importance. The studies herein recorded were made on the High Plains
at Akron, Colo., during the period 1907 to 1916, inclusive. The soil
studies were made during the summers of 1914, 1915, and 1916. The
native vegetation at Akron has already been described in some detail
(Shantz, 1g911).t It is typical short grass, composed largely of Bouteloua
gracilis (oligostachya) and Bulbilis dactyloides.

The term ‘‘fairy ring,” generally used to describe the arrangement
of plants in an approximately circular form, originated in the belief that
these circular growths marked the paths of dancing fairies. Karly
literature is filled with tales of superstition concerning these rings. The
superstitions varied somewhat with the different countries. In Holland
these circles often marked the places where the devil churned his butter.
The presence of such a ring on a farm caused an inferior quality of butter
if the cows ate the grass from a fairy ring. In France many people could
not be induced to enter one of these rings, because enormous toads with
bulging eyes abounded there; but no harm was experienced if the rings
were unintentionally entered at night. In Sweden a person entering a
fairy ring passed entirely under the control of the fairies. Treasures were
marked by such rings in many places, but these riches could not be
secured without the help of fairies or witches. In England it was regarded

1 Bibliographic citations in parentheses refer to “ Literature cited,”’ p. 242~24s,

Journal of Agricultural Research, Vol. XI, No.
Washington, D. C, Oct, 29, 1917
kf Key No, G=124

(191)



192 Journal of Agricultural Research Vol. XI, No. 5

as a good omen to build a house on land showing these circles. In
German mythology it was said tracks were traced in the dew the next
morning after the fairies had danced. The circular spots where the
grass had dried up were places where a glowing dragon had rested after
his nightly wanderings.

The earlier natural causes assigned to these rings were almost as fan-
tastic as the supernatural. Thunder, lightning, whirlwinds, ants, moles,
haystacks, urine of animals, etc., were at different times supposed to be
the cause of these rings. The following are some of the more common
names applied to these circles; and usually indicate the supposed cause
of the ring: :

ENGLISH FRENCH GERMAN

Fairy rings. Anneaux magiques. Elfenringe.
Fairy circles. Cercles magiques. Hexenringe.
Fairy green. Cercles du sabbath. Hexenplatz.

DUTCH Cercles des fées. Hexentanzplatz.

Cercles mycéliens. Hexenkreise.
Heksenkringe. Cercles mycogénes. Hexentanze.
Kolringe. Cercles de sorciéres. Zauberringe.
']I;O‘{V@;Skfli;ge- P Danses de fées. Pilzringe.
uivels Karnpad. Ronds de fées.

Duivelstjeinpad. Ronds de sorcidre. SWEDISH
Tjenmolenpad. Elfdans.

CAUSE OF FAIRY RINGS

As indicated in the introduction, the cause of the fairy rings was
obscure for a long time. At first these rings were ascribed entirely to
supernatural influence. Later they were attributed to various natural
causes.

Bradley (1717, pt. 3, p. 122-123) gave two probable causes for fairy
rings:

(1) Just under the turf where the mushrooms were growing, was a tract or path
made by pismires, which was not only hollow in many places at that time, but the
very covering of that passage was made of earth extremely fine which those creatures
had flung up: The fineness of the earth wrought by those laborious animals might
very reasonably contribute to the extraordinary vegetation of the grass growing upon
it, and the hollowness of the ground underneath might produce that moldiness within
it which afterwards might be formed into mushrooms.

(2) Garden-snails . . ., when they couple, always make choice of short grass to
creep upon . . . leaving upon the grass where they crept, a viscous shining matter.
So that it may be, that slime when it putrifies may produce the mushrooms we find
growing in circles upon Commons.

It is interesting to note in connection with Bradley’s observations that
ants have often been found working in the marasmius fairy rings at
Washington, D. C. They are probably attracted by the presence of the
fungus.

Hutton (1790, p. 8), who published the results of observations on fairy
rings extending over the period from 1776 to 1778, summarized the
knowledge of the cause of these rings as follows:
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I know that similar circles have been observed by naturalists, and by them ascribed
to thunder; as we should certainly have done in this case, were it not for the regular
annual progression, which, if the effect of thunder, must follow rules not yet investi-
gated, either in electricity, vegetation, or the mineral system.

He examined the soil and found no clue. At times he also noticed
the presence of fungi in the ring, but did not consider them significant.

Withering (1796, p. 222) definitely assigned the cause of fairy rings
to Agaricus oceades.

I am satisfied that the bare and brown, or highly cloathed and verdant circles,
in pasture fields, called Fairy Rings, are caused by the growth of this Agaric. . . .
Where the ring is brown and almost bare, upon digging up the soil to the depth of
about 2 inches, the spawn of the Fungus will be found, of a greyish white colour,
but where the grass has again grown green and rank, I never found any of the spawn
existing.

FUNGI CAUSING FAIRY RINGS

The tendency of all fungi to grow outward from the point of germina-
tion of the spore results in circular colonies in a widely varying group of
fungi. Rings are often noted among the molds. This paper deals only
with rings formed by Basidiomycetes.

The first fairy rings noted which were definitely assigned to fungi
were caused by Agaricus oceades. Following this report many different
species were associated with fairy rings.

Eleven years later Wollaston (1807) extended Withering’s observa-
tions and reported rings formed by Agaricus campesiris, A. terreus, A.
procerus, and Lycoperdon bovista. Most of the writers following Wollas-
ton have substantiated his results with the exception of the following:
Persoon (1819, p. 4-5) called attention to the singular distribution of
mushrooms in fairy rings, but stated that the cause was not well known.
Lees (1869) attributed the cause of these rings to the action of moles.
The burrows of these animals were supposed to be marked by the dead
area in the fairy ring. Buckman (1870) believed that the fungi appeared
as the result of the stimulation and death of the vegetation, and were
not therefore the primary cause, although the ring was often continued
and extended by them; in fact, he thought that rings to which fungj
had not become attached soon broke up and disappeared. Gillet
(1874, p. 22) states that it is difficult to explain the cause of the grouping
of some species of mushrooms in fairy rings. Although it is understood
that most of the writers thought that one species of fungus alone was
the cause of a particular fairy ring, only a few writers stated so definitely.
Greville (1828, p. 323) said that he never detected more than one species
of fungus in the same ring. This statement was also made by McAlpine
(1898). Williams (1901, p. 207) stated that fairy rings
showed a similar disposition to encourage the more luxuriant growth of other spec1es
of fungi that occurred elsewhere in the surrounding field.

In eastern Colorado the fairy rings were never known to have more
than one species in the fruiting zone, although a ring of Calvatia cyathi-
Jormis was seen in fruit that had smaller rings of Agaricus campestris
also in fruit, in the inside (fig. 9).
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In Table Iin the middle column are listed those species mentioned in the
literature cited in this paper. The names used at the present time are
given in the first column. Some of the forms can not be definitely
assigned to species now known, since the citations were not definite
enough in the original articles. To this list is also added the species
causing the rings described in this paper, and a few of the fungi causing
rings in the vicinity of Washington, D. C., noted by Miss Vera K. Charles,
Assistant Mycologist of the Bureau of Plant Industry.!

TABLE I.—Listof fungireported as causes of fairy rings and the names of the investigators
IDENTIFIED FUNGI

Species. Name used by author. Investigators.
Agaricus arvensis Schaeff. . .| Agaricus arvensis. . ....... Buckman (1870) Atkinson
- 1900).
DO.tvriiiniiieaans Agaricus (Psalliota) arven- | Lees (186g).
15,
Do.vviiniiiiiiiinan, Psalliota arvensis Sch. . ... Ballion (1906).
Agaricus tabularis Peck. ... .[..... ... ... ool Shantz and Piemeisel.
Agaricus campestris L. . . . .. Agaricus campesiris. .......| Wollaston (1807), Jorden
(1862), Shantz and Pie-
meisel.
Dotevniriniiiniiinnn. Psalliota campestris. ... ... Van Tieghem' (1884, p.

1044-1043), Ritzema Bos
(1gor1), Massart (1910).

Agaricus sp....o..oiiia.l. Agaricussp. ... Olivier (1891).
Amanita muscaria L. .. ......| Amanita muscaria. .. ...... ! Ludwig (1906).
Amaniia phalloides Fr Amaniia phalloides. . . . ... Do.
Boletopsis cavipes (Opat.) | Boletus cavipes. .......... | Do.
Henn.
Boletus bovinus L. .......... Boletus bovinus. .......... Ballion (1906).
Boletus elegans Schum. ... .. Boletus elegans . . ......... Ludwxg (1906).
Boletus variegatus Swartz . . .| Boletus variegatus. ... .. ...
Calvatia cyathiformis BosC...|......cooviviiiniinna., Shantz and Piemeisel.
Calvatia fragiles Vitt.. ... .o oo oot Do.
Calvatia polygonia Lloyd....|. ... ... ...t Do.
Cantharellus aurantiacus { Cantharellus aurantiacus. ... Ludwig (1906).
(Wulf.) Fr. |

Cantharellus cibarius Fr.. ... Cantharellus cibarius . . . . .. Lees (1869).
Cantharellus cinerus Fr. Cantharellus cinereus. . . . .. Ludwig (1906).
Ca;:stomasubterramum(f’k ) .......................... Shantz and Piemeisel.

or,
Chwmga ) Clavariasp............... ! Miinch (1914).
Clitocybe geotropa Fr. .| Agaricus eotropus Bull...| Lees (1869).

1 T Agaricus (g Clitocybe) geotw- Do.

pus Bull.

Clitocybe gigantea Sow. .. ... Clitocybe gigantea. . . ... ... Bayliss (1911).

Do.vvviiiiiiiiiin Agaricus giganteus. . . .. ... Jorden (1862), Van Tie-

- ghem (1884), Ritzema
Bos (1901).
DOoveiei e Agaricus (Clitocybe) gigan- | Lees (1869).
teus Sow

C lgacybe infundibuliformis AgSarﬁcus mfundzbuhformzs Do.

T. ch.

DO.evnniiiiiiiieinnns Agaricus (Clitocybe) infund- Do.

tbuliformis Sch.

1 In the systematic portion of this work the writers are indebted to Mrs. Flora W. Patterson, mycologist
in charge of pathological collections, for many suggestions; to Miss Charles for identification and additions
to the list of fungi causing fairy rings; to Prof. W. G. Farlow, of Harvard University, for the identifica-
tion of Agaricus tabularis, and to Prof. C. G. Lloyd, of Cincinnati, Ohio (see 1916), for the identification
of Calvatia polygonia. ’
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‘TABLE I.—List of fungi reported as causes of fairy rings and the names of the investiga-

IDENTIFIED FUNGI—continued

tors—Continued

Species

Name used by author

Investigators

Clitocybe maxima (Girtn.
and Meyer) Quel.
Do

Clitocybe nebularis Batsch. ..
Coll;g(z;a confluens Fr.......

Collybiasp.................

Corlinarius  amethystinus
(Sch.) Sacc.

Cortinarius armillatus (Alb.
and Schw.) Fr.

Cortinarius traganus Fr. .. ..

Hebeloma crustuliniforme Fr

Hydnum compactum Pers. .. .
Hydnum repandum L. .. .....
Hydnwm suaveolens Scop. . ..

Hygrophorus virgineus
(Wolf.) Fr.
Inocybesp..............o..
Lactacius tnsulsus Fr
LaIc?tarius piperatus (Scop.)
4

Lactarius tormino-
sus (Schaeff.) Fr.
Lepiota morgani Peck. ......

Lepiota procera (Scop.) Quel.

Lycoperdon bovista L. .... ...

Lycoperdon gemma-
tum Batsch.

Lycoperdon cyclicum McAl-
pine.

Lycoperdon wrightii B and C.

Marasmius oreades (Fr.) Bolt.

Marasmius urens Fr........
Morchella esculenta (1.) Pers.
Morchella hybrida Pers. .. ...

Agaricus maximus Gartn.
and Meyer).
Agaricus ZC litocybe) maxi-

mus.
Clitocybe nebularis Batsch .
Agaricus confluens Pers. .. .
Agaricus (Collybia) conflu-
ens Pers.
Collybiasp................
Inoloma traganum. . ... ...

Telamonia armillata . . . ...

Inoloma traganum. . . .....
Agaricus  crustiliniformis
Bull.

Agaricus (Hebeloma) crus-
tiliniformis Bull.
Hydnum compactum . . . ...
Hydnum repandum L. .. ...
Hydnum suaveolens Scop. .

H;lligrophorus virgineus
r.

Inocybesp......ocovvvnn.
Lactarius tnsulsus .........
Lactarius piperatus Fr. . . ..

Lactarius torminosus. . . . ..
Lepiota morgani. .........

Agaricus procerus. .........
Lycoperdon bovista. .......
Lycoperdon pratense Pers. .

Lycoperdon cyclicum, n. sp.

..........................

Marasmius oreades. .. .. ....

Marasmius oreades Fr. ... ..

Marasmius oreades Bolt. . ..

Agaricus orcades. ...... ...

Agaricus caryophylleus
(Sch.) Schroet.

Agaricus oreades

Marasmius urens Fr.......
Morchella esculenia Bull. ..
Mitrophora semilibera DC.

Miinch (1914).
Do.

Stahl (1g900).
Lees (1869).
Do.

Miinch (1914).
Ludwig (1906).

Do.

Do.
Lees (1869).

Do.

Ludwig (1906).

Tees (1869); Ballion (1906)

Thomas (1905); Oouﬁ:r,
Barnes, and Cowles
(x911).

Lees (1869).

Williams (1897).
Ludwig (1906).
Lees (1869).

Ludwig (1906).

Williams (xgor), Shantz
and Piemeisel.
Wollaston (1807).
Do

Ballion (1906).
McAlpine (1898).

Shantz and Piemeisel.

Lawes, Gi(lbert) axé‘(IIHWar-
tington (1883); Williams
(1897); Coville (1898);
Massart (1910); Bayliss
(1911).

Molliard (1910).

Ballion (1906).

Withering (1796).

Reed (1910).

Wollaston (1807); Jorden
(1862); Buckman (1870);
Van Tieghem (1884);
Ritzema Bos(1gor1); Lud-
wig (1906);Lees (1869).

Lees (1869).

Ballion (1906).

Do.
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‘TABLE I.—List of fungi veported as causes of fairy rings and names of the investiga-
tors—continued

IDENTIFIED FUNGI—continued

Species. Name used by author. Investigators.
Paxillus involuius (Batsch.) | Paxillus involutus. .. ......| Ludwig (1906),
Fr. ‘
Pluteus cervinus Schaeff. ... .[...... ... ... .. .o Charles.
Tricheloma columbetta Fr. . . .| Tricholoma columbella. .. .. Massart (1910).
Tricholoma equestre L. .. ...\ oo Charles.

Trickoloma grammopodium | Agaricus  grammopodius | Lees (1869).
Fr. Bull.

Do...oovviiiiian Agaricus (Tricholoma) Do.
grammopodius Bull.
Tricholoma melaleuca (Pers.) |........ ... ... .. .. .. Shantz and Piemeisel.

Quel.

Tricholoma personaium (Fr.) | Agaricus bicolor........... Miinch (1914).

Quel. Agaricus personatus. ... ... Buckman (1870).
Do.voveii i Agaricus (Tricoloma) per- | Lees (1869).
Do.cviiai il sonatus Fr.

Tricholoma praemagnum. . Tricholoma praemagnum....| Ramaley (1916).
Tricholoma sp. . Tricholomasp............ Williams (1gor).
Tricholoma terreum Schaeff . . Agaricus terreus. .. .........| Wollaston (1807).

Tuber sp. . ceieiviino| Tuberspa.oooiill L Tulasneand Tulasne (1851).

FUNGI OF DOUBTFUL IDENTITY

Tricho lloma graveolens (Pers.)| Agaricus graveolens......... Way (1847).
ue

Tricholoma gambosum Fr... .\, .. .. do.. e Do.

Hydnum cyaihiforme Schacff. ’ Hy }dnum tomentosum. ... .. Ludwig (1go6).

Hydnwm candicans Fr............. do.........oio Do.

Caldestella ferruginosa Sace. .|, . . .. do.. ... il Do.

Agaricus multifidus.... .. .. ]'ozden (1862), Ritzema Bos
190I).

TYPES OF FAIRY RINGS

The present paper is concerned only with fairy rings produced as a
result of the growth of fleshy fungi. When the fungi are in fruit, these
rings are easily distinguished by the more or less regular arrangement
of the fruiting bodies (Pl. 13, A). At other times the ring is easily
distinguished by the appearance of the natural vegetation (Pl 13, B).
The differences in appearance of the vegetation in the ring as compared
with that outside consist principally in a deeper color, due largely to
greater chlorophyll content of the plants and in a more luxuriant
growth, and in certain cases in a zone of bare ground or dead vegetation
near the outer edge of the ring.

Before taking up a detailed description of the various types of rings
found in eastern Colorado it seems desirable to review briefly the de-
scriptions already published.

Hutton (1790) described a ring as consisting of three tracks, of which
the first was a zone of dead or withered grass; the second lay just within
and ran parallel to the first and appeared as a black zone of rotten
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grass; and the third, a dark-green zone of grass occurred partly on the
black zone of rotten grass, but mostly on a smaller zone which had been
formed the year preceding.

Practically every writer on this subject has included in his account a
description of the rings. Few of these added materially to the de-
scription given by Hutton.,

Westerhoff in 1859 (in Ritzema Bos, 1901) distinguished fairy rings
formed by fungi and those formed by other causes. The fungus rings
formed more or less complete circles, extending externally every year.
They consisted of a zone of luxuriant grass of a dark-green color, sur-
rounded by a circle of mushrooms (about August) and this in turn
surrounded by a circle of withered grass. The inside of the ring appeared
the same as the outside.

Jorden (1862) called attention to the green or brown rings and irregu-
lar dead patches, which were known as fairy rings.

Buckman (1870) and Kuperus (1876) described rings as formed of
two bands, the inner one of fresh, green, luxuriant grass, and the outer

/ s 5

F1c. 1.—A sketch of a fairy ring produced by Marasmius oreades. ‘The center of the circle is represented
by O. ‘Thevegetation in the central part of the circle is represented at 1; the inner stimulated zone at 2,
a bare zone at 3; and the outer stimulated zoneat 4. ‘Thenormal vegetation isshown ats. Themycelium
is represented by the dotted portion. ‘The dotted line passing from zone 2 to 4 indicates the relative
plant growth during the early spring when water is abundant (from Molliard, 1910).

one of more or less brown herbage or bare soil. Buckman stated further
that the fungi appeared in this outer ring. He also described rings
which consisted of only the fresh green ring and often produced no fungi.

Rings consisting of an outer dark-green zone, an intermediate yellow
zone in which the grass was dead, and an inner green zone were de-
scribed by Van Tieghem (1884, p. 1044-1045). In certain years the
outer green band showed a large number of fungus fruits.

Sorauer (1886, p. 270—2%2) stated that the rings usually consisted. of
a green ring, and that it is only during an exceptional year that fungus
fruiting bodies occur, while Stahl (1900, p. 666—667) described a ring
distinguished by tall and robust plants of Geranium robertianum.

Complete rings so bare of grass as to resemble footpaths, formed by
Lycoperdon cyclicum on a bowling green, were described by McAlpine
(1898).

Ballion (1906) gave detailed descriptions of rings formed by Maras-
mius oreades, Tricholoma georgii, Psalliota arvensis, Lycoperdon pratense.
These were grouped on the basis of (1) the place in the ring occupied by
the fruiting bodies; (2) whether the vegetation was killed.

A ring of Marasmius oreades in the month of September was described
by Molliard (1910, p. 63, fig. 1) as follows: There were three distinct
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zones: Beginning at the center (o, fig. 1) the first zone was an internal
one (2) where the phanerogamic vegetation contrasted sharply with the
normal; the second zone (3) a middle one where the herbage was with-
ered and where the fruits of M. oreades occurred; and finally an external
zone (4) larger than (2) the internal zone, where the vegetation was
greener and taller than the inside (1) or the outside (5).

Miinch (1914) described and illustrated a ring formed by Agaricus
(Clitocybe) maxtmus which had a stimulated zome outside as well as
inside a well-defined dead zone. It differed from the rings described
by other investigators in that the dead zone was lined with frultmg
bodies both on the exterior and interior sides.

Fairy rings caused by fleshy fungi may be divided into types on the
basis of their effect on the vegetation. It is apparent from a review of
the literature that the effect of the various fungi on the vegetation varies
greatly in different locations as the probable result of the different
climatic and weather conditions.

In eastern Colorado the following types of fairy rings may be distin-
guished: (1) Those in which the vegetation is killed or badly damaged,
caused by Agaricus tabularis; (2) those in which the vegetation is only
stimulated, caused usually by species of Calvatia, Catastoma, Lycoperdon,
marasmius, etc.; and (3) those in which no effect can be noted in the
native vegetation, caused by Lepiota spp.

RINGS MARKED BY A ZONE OF DEAD VEGETATION
RINGS FORMED BY AGARICUS TABULARIS

The rings formed by Agaricus tabularis Peck vary in size from a few
meters to 70 meters across. These rings are often complete and circular,
the advance in all directions having been nearly uniform (Pl 13, A; 18;
20; 30, A). More often, however, the ring is broken at certain points, and
the larger rings are usually formed by a series of arcs which do not come
into contact with each other but which show approximately equal radii
(fig. 2).

In figure 3 is given a diagram and in figure 4 a bisect of a typical ring
formed by Agaricus tabularis. At A the zones are shown as they are
distinguished during a period favorable for the growth of the fungus
and the production of fruiting bodies. (Pl. 13, A; 14,A; 19.) Thering
consists of a series of three zones surrounding an area of normal short grass
sod, which constitutes the inside of the ring (1). Next to this area occurs
a broad zone differing from the natural sod in botanical composition, in
the more luxuriant growth, and in the deeper green color of the vegetation.
This is the inner stimulated zone (2). This wide green zone is the most
prominent part of the rings in spring or in wet seasons. The bare zone (3)
is not as broad as the inner stimulated zone and is somewhat more irregu-
lar. In this zone the vegetation is often entirely dead, but in many
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FIG. 2.—A map of an area of 400 by 620 meters, lying just west of the experiment station and north of the

Chicago, Burlington & Quincy R. R. near Akron, Colo.
plowed each fall and of about 2 meters’ width, “T'his area includes a total of 62 rings or iragments of
rings: 35 are Agaricus tabularis, 14 Calvatia cyathiformis, 3 Catastoma subterraneum, and 10 are unidenti-
fied rings. No rings of Agaricus campesiris were noted in this section, although many grow at other
places on the plains. From o.5 to 1 per cent of the total land area here shown lies within the zone of

influence of these fairy rings.

dots.

‘The dotted line represents a fire break

The fruiting bodies at the time the map was made are represented by
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cases a few very poor perennials or short-lived annuals may be found.
This zome is the distinguishing feature late in summer and fall or in dry
seasons. If rains are frequent, scattered annuals succeed fairly well
even on this area. Beyond the bare zone there occurs a rather narrow
zone, the outer stimulated zone (4), resembling somewhat the inner
stimulated zone, but being for the most part made up entirely of plants
which characterize the native sod. The sporophores occur in this zone,
near the outer edge. Outside this zone normal native short grass is
found (3).

NSDE (V)

INSIOE (1)

F16. 3.—A sketch showing the different zones in a typical ring formed by Agaricus tabularis, At A the
appearance of the ring is shown during a period of ample moisture supply. At B the appearance during
a period of deficient moisture supply. The vegetation on the inside (1) is normal, In the inner stitn~
ulated zone (2) the greatest stimulation occurs near the bare zonie. ‘The bare zone (3) is usually devoid
of vegetation, ot contains only scattered plants. The outer stimulated zone (4) contains the fruiting
bodies of the fungus and differs from the vegetation outside only in color and in more luxuriant growth;
outside, the vegetation isnormal (5). In Bthesame zonesare shown asin A, except the outer stimulated
zone which is here shown as the withered zone (4a). In this zone the plants not only wither but with
continued droughts will die, and the area of this zone be added the following year to that of the bare
zone.

At B the zones are shown as they appear during a period not favorable
to fungus growth. During the late summer, when the moisture supply
is deficient, or during a dry year following a wet year (Pl 16) the ring
presents a very different appearance from that described above.
The inner stimulated zone (2) ripens or dries up as dry weather comes
on and usually presents a brown, dead appearance, although the peren-
nials remain alive in a dormant condition. If the season is dry, this
zone (2), while noticeably different from the natural sod inside (1), does
not show the luxuriant growth so characteristic of a wet year. During a
dry year the bare zone (3) is unusually prominent, since not even the
short-lived annuals appear, and the zone is named from its appearance
during drouth periods. Such periods are characteristic of eastern Colo-
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rado. ‘The withered zone (4a) is characterized by the dry vegetation,
which during the more favorable period had marked the outer stimu-
lated zone (4). During a dry year the short grass in this area is withered
and often perfectly air-dry when the adjacent sod is still green.

RINGS MARKED ONLY BY A ZONE OF STIMULATED VEGETATION

Most of the fungi forming fairy rings in eastern Colorado produce only
a temporary stimulating effect on the vegetation. In this group, there-
fore, the presence of fungi is indicated by an increase in the size, vigor,
and chlorophyll content of the annuals and of the perennial grasses.

RINGS FORMED BY CALVATIA CYATHIFORMIS

A large number of the rings marked only by a zone of stimulated vege-
tation are produced by Calvatia cyathiformis Bosc (fig. 5, 6). They are
usually much less conspicuous than those formed by Agaricus tabularis.

Y
§ R

FIG. 4.—A bisect of the Agaricus tabularis ring shown in figure 3 at A. ‘The vegetation on the inside and
outside does not differ noticeably. The outer stimulated zone in which the fungus fruits are produced
is separated from the inner stimulated zone by a bare zone in which plants are only occasionally found.
‘The distribution of the mycelium in the soil is also indicated in the illustration.

In size they are often much larger. Several rings have been observed
which exceed 200 meters in diameter (Pl. 24,B). In periods when the
rings are not marked by fruiting bodies these rings can be distinguished
from Agaricus by the sterile bases of the fruits of Calvatia cyathiformis
which remain on the ground from one year to another, or by the natural
vegetation which usually presents a stimulated appearance, but seldom,
if ever, is damaged by the presence of the fungus. The annuals in the
rings, which grow much taller than in the adjacent areas, are prominent
both during their period of rapid growth and after they have ripened, at
which time the rings appear as dark-yellow or brown circles on a uni-
formly light-green short-grass cover.

A sketch of a ring formed by this fungus is shown in figure 5. The first
crop of fruiting bodies occurs at the outer edge of the stimulated zone.
The vegetation in this zone consists of the same species as the native sod,
but the growth is more luxuriant (Pl. 25,A). This is especially noticeable
in the short-lived annual plants which stand up prominently above those
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in the surrounding sod. If the season is favorable and a second crop of
pufiballs is produced, they appear outside in advance of the stimulated
zone (Pl 26, A).

RINGS FORMED BY CALVATIA POLYGONIA

The giant Calvatia polygonia Lloyd is somewhat less abundant on
the Great Plains than the ome just discussed. It occurs frequently
in eastern Colorado, and forms large rings not differing essentially from

, e those described for

QITELE (D Calvatia cyathiformis.

The rings formed by

this fungus are usually

intermediate in size,

one ring having been

noted with a diameter

of 100 meters (PL
28, B).

RINGS FORMED BY CATAS-

TOMA SUBTERRANEUM

" STIPUATED ZONVE (2

NSOE L/ . : ‘
The interesting fun-

gus Catastoma subler-
ranewm (Pk.) Morg.,
the fruiting bodies of
which develop under-
ground and do not
5 appear on the surface

° ° until after they have
o ARSI OO broken loose from their
o SECONVD CRFOP attachment, forms no-

F16. 5.—Sketch of a ring produced by Calvatia cyathiformis. Thestim- ticeableringsindicated
ulated zone is most marked at the outer edge just inside the ring of : :
fresh puffballs, If a second crop of puffballs are produced, they occur by a .Stlmula'tlon Of
at the points marked ©, In this ring there is a stimulated zone (2) the natlve pla.nt cover.
lying between the normal vegetation inside (1) and the fruiting zone, .
which occurs at theinner edge of the normal vegetation outside (3). The nngs thus far

noted by the writers
have not been complete (Pl. 30, B). Fruiting bodies are formed near the
convex side of the stimulated area. The effect on the native vegeta-
tion is the same as in the case of Calvatia cyathiformis, but the stimulated
zone is even narrower.

RINGS FORMED BY OTHER FUNGI

Lycoperdon gemmatum and L. wrightiz, which occur more commonly
on cultivated and disturbed land, indicate little effect in stimulating the
vegetation. Calvatia fragilis Vitt, Marasmius oreades (Fr.) Bolt, Agaricus
campestris L. (Pl. 28, A), and Tricholoma melaleuca (Pers.) Quel. occur
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rather commonly in the short-grass vegetation and form rings marked
by a stimulated area or by the occurrence of the fruiting bodies. The
rings atre usually small, seldom exceeding 6 to 10 meters.

RINGS WHICH PRODUCE NO NOTICEABLE EFFECT ON THE NATURAL
VEGETATION

A single ring formed by Lepiota morgani Pk. was noted in the bunch-
grass vegetation near Yuma, Colo. (Pl 26,B; 27,C). 'The ring, approxi-
mately 24 meters in diameter, was composed of about 63 fruits (fig. 7).
No effect could be noted on the vegetation. It is possible, however, that
if this fungus had developed on the hard land in the short-grass cover,
the effect would have been more noticeable.

FiG. 6.—A bisect of a ring sketched in figure 5. In the case of Calvatia cyathiformis the distribution of the
mycelium can scarcely bhe detected in the soil. ‘The stimulated zone lies just inside the zone of fruiting
bodies.

DISTRIBUTION OF FAIRY RINGS

Fairy rings occur for the most part in grass lands, but have been
recorded in many cases in forests, Most of the investigators refer to
them as having been formed in grassy areas and marked by the more
luxuriant growth of grasses. The following authors discuss rings in this
type of vegetation: Bradley (1717, p. 122—123) Hutton (1790), Wollaston
(1807), Dutrochet (1834, 1837, p. 179—181), De Candolle (sn Way, 1847),
Way (1847), Westerhoff in 1859 (#n Ritzema Bos, 1901), Berkeley (1860),
p. 41), Jorden (1862), Cooke (1866), Lees (1869), Buckman (1870), Gik
bert (1875), Kuperus (1876), Lawes, Gilbert, and Warington (1883),
Van Tieghem (1884, p: 1044~1045), Sorauer (1886, p. 270-272), Treichel
(1889), Olivier (1891), McAlpine (1898), Coville (1897, 1898), Atkinson
(1900), Williams (rgor1), Ritzema Bos (1901), Beille (1904, p. 380-381),
Baillion (1906), Molliard (1910), Massart (1910), Bayliss (1911), Miinch
(1914), and Ramaley (1916).

The following dealt with fairy rings in forests or about trees: Tulasne
and Tulasne (1851, p. 157-158), Stahl (1900, p. 666-667), Thomas (1905),
Ludwig (1906), Reed (1910), and Coulter, Barnes, and Cowles (1911,
p. 807).

Dutrochet (1837, p. 179-181) called attention to the fact that rings
develop most commonly on prairies that are not very fertile and where
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the grass is short and yellow. Gilbert (1875) stated that it is known

that fairy rings occur chiefly, though not exclusively, on poor pastures,

and that they are discouraged by especially high nitrogenous manuring.

Ritzema Bos (19o1) stated that the best fairy rings are produced during

rather dry seasons, and that mushrooms usually occur in meadows

where the organic matter is not abundant.

On the Great Plains fairy rings have been noted in all sections from
Texas to Montana. Their abundance in certain areas is illustrated in
figure 2. This map covers an area of three-fourths of a mile by one-half
a mile of unbroken native sod lying just west of the Akron experiment

farm, near Akron, Colo.
A total of 62 rings or

K fragments of rings is

@ .

o’ ° shown on this map.
°. ® From o.5 to 1 per cent
. ¢z of the total soil area

8= D FRUTS ‘e lies within the zone of

. Madas cidasiaced ‘e influence of these rings.

[ ]
L]

N e & 8 4

. *
Oe b
e ® 8

DIAMETER 22 METERS 8. This area contains 35
) ® Agaricus rings, 14 Cal-

o ®° vyatia rings, 3 Cata-
¢° stoma rings, and 10

° ‘ & unidentified rings.
©° Throughout the whole

o0 of eastern Colorado,

. ‘o especially on the
—od “hard” land (charac-
Lol terized by the pure

FIG. 4.—A sketch of a fairy ring formed by Lepiota morgani southeast short- grass COVCI‘)
of Yuma, Colo. No effect could be noted on the vegetation. ’

fairy rings occur often
in great abundance. Many other areas might have been chosen which
would show an equal or possibly even greater number of rings.

About one-half of the area shown in this map was plowed in the fall
of 1915 and seeded to Turkey wheat. During 1916, an exceptionally
dry year, the area was remapped. The results of this remapping are
shown in figure 8. "

CAUSE OF ADVANCE

Hutton (1790) noted the regular annual progression of fairy rings, but
Wollaston (1807) was the first to discuss the cause of this progression.
He came to the conclusion that the ring was formed by a progressive
increase from a central point due to the exhaustion in the central area
of some particular “‘pabulum’ necessary for the further growth of the
fungus; hence, the new growth of the fungus “roots” extended solely
in the opposite direction—that is, outward. He confirmed his theory by



Oct. 29, 1917 Fungus Fairy Rings 205

the observation that, where two circles met, both were obliterated at the
point of contact, and said:

The exhaustion occasioned by each obstructs the progress of the other, and both
are starved.
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FI1G. 8.—Remapped area shown in figure 2, During the fall of1915 a portion of the area mapped in figure 2.
was plowed and planted to fall wheat, During June, 1916, the area was remapped. ‘This area is 400 by
200 meters and comprised the portion lying next to the experiment station grounds. A compati-
son with figure 2 will show that none of the Calvatia rings could be detected in the wheat crop the follow-
ing year. Of 12 Agaricus rings mapped in 1915, 9 were easily detected in the wheat field in 1916.

Way (1847, p. 43) thought that—

The theory of de Candolle, that these rings increase by the excretions of these fungi,
being favorable for the growth of grass but injurious to their own subsequent develop-
ment on the same spot, was insufficient to explain the phenomena.
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That there was no further fungus growth within the ring he attributed
to the competition with a vigorous crop of grass.

Westerhoff in 1859 (Ritzema Bos, 19o01) attributed the centrifugal
growth of the mushrooms to excrements of the roots of the mushrooms.

Berkeley (1860, p. 41) noted the tendency of fungi to assume a circular
growth not only when the spawn was perennial but where the whole
period of existence of the fungus amounted to only a few days or weeks.
Fairy rings originated from a single spore, the growth from which rendered
the soil unfit for further fungus growth. The rings extended outward

~until interrupted.

The various investigators following this period ascribed the cause of
advance to those already recorded. Ritzema Bos (1901) likened the
advance of a fairy circle to the progressive advance of a flame which
results from dropping a match in dry grass, and which will spread con-
tinually outward.

Reed (1910) stated that the tannin of the bark of a hemlock tree
marking the center of a fairy ring had caused the death of the ring on
the downhill side. But Coville (1898) found the rings uniformly broken
on the downhill side, which suggests the harmful influence of the decom-
position substances which are washed toward the lower side.

Investigators differ as to the exact cause of this outward growth, some
attributing it to the exhaustion of the nutrient materials of the soil,
others attributing the cause partially to the fact that the active mycelium
occurs only on the outside of the ring, and that the portion of the
mycelium on the inside is already old or dying. That the mycelium
grows outward from a central point and continues to grow outward is
no more strange than that the horizontal roots grow out from the tree
and keep on growing out instead of back toward the trunk. The fact
that the filaments grow into virgin soil by growing outward would favor
the growth in that direction.

Where fungus fairy rings occur, the soil is usually rather low in organic
matter. The growth of the saprophytic fungus probably consumes the
available supply of organic matter. In the case of the Agaricus tabularis
ring this is replenished by the death of the grass cover and by the subse-
quent increase in growth of annuals and short-lived perennials, which die
and leave their root systems as available organic matter. Determinations
of organic matter do not therefore show a marked difference outside or
inside the fairy ring. The active fungus filaments are always on the
outer edge, and a turning back into the central area would require passage
through from 1 to 5 meters of depleted soil or a continuance in a living
condition for a period of several years in the same spot or soil mass. In
addition to these reasons why progression should be outward, observa-
tions are numerous of the tendency of fungus filaments or even roots of
growing plants to distribute themselves rather evenly into new soil
areas. When fungus filaments approach each other, they turn aside
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(Fulton, 1906). This may be due to chemotropic stimulation or to the
more obvious fact that food material or water is usually more abundant
in the new soil. ‘The high content of ammonia and nitrates in the soil
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F16. 9.—~A ring formed by Calvatia cyathiformis, almost complete and 65 meters in diameter, ‘The ring
contained 5o fresh fruiting bodies and had apparently produced an earlier crop of 54 pufiballs. This
ring occurred in an area in which a great number of small rings produced by Agaricus compestris were
found. These rings seem to have interrupted the Calvatia rings at all points except on the upper right-
hand side. At no place is there evidence that the C. cyathiformis displaced A. campestris, although a
possible condition of this kind is indicated on the upper right-hand portion of the figure. ‘This ring was
mapped northeast of Yuma, Colo,, on June 29, 1916. It should be noted that, although Calvatia and
Agaricus fruited abundantly in the region about Yuma and on the Wray Divide in 1916, no fruiting
bodies were produced at Akron, The recordsin Table IX are for the vicinity of Akron and are not general
for the whole eastern portion of the State.

occupied by the older portion of the mycelium may also play a part.
That rings do not continue when they come in contact with each other
. has been noted repeatedly. The inside of large rings of one species is

often occupied with many smaller rings of another species (fig. 9), and
‘ 7769°—17—-2
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in one case a ring of Calvatia cyathtformas had five large fruiting bodies

in the area inside the ring. Two of these fruiting bodies were near the

center of the ring, while three were situated about midway between the

center and the stimulated zone. But the period of time which had

elapsed since the soil mass was infected by the fairy-ring fungus may

have been sufficient for the organic matter and the other conditions of .
the soil to have again become normal.

EFFECT OF SOIL AND WEATH?ER CONDITIONS ON THE PRODUCTION
OF FRUITING BODIES

The production of fruiting bodies seems to be dependent largely on
the soil and weather conditions. Jorden (1862) called attention to the
influence of weather conditions, especially warmth and moisture, on the
production of fruiting bodies in fairy rings. One ring of Agaricus
gtganteus fruited only once during a period of 50 years’ observation.

In Table II are shown the dates on which the fungi fruited abundantly
in the vicinity of Akron, Colo., during the years 19o7-1916, inclusive.
These records, taken from field notes, are probably complete, except
for the occasional production of fruiting bodies in a small area under
abnormally favorable conditions caused by local showers or drainage
water.}

TABLE I1.—Dates on whichfungi have been noted in fruii in the fairy rings at Akron, Colo.

Date of occurrence of fruiting bodies.
Year.
Agaricus tabularis. Calvatia cyathiformis. Calvatia polygonia.
1907. June 21 July 26............. July 20.
1908, it e J ................... July 6
- une 12-19...........; July 6.

RUACIARRLARR R June 3-19 . {]uly o T August 10.
403 - T August. ............ August.
10 S
0 & 2 June........... ... September 13.
30 5 S O 1
1914. B }une 21

June 5—24............| June 1424 ..
1915 o {August 16-20........ August 16-20........ June 21.

Calvatia cyathiformis was noted in six of the nine years, Calvatia poly-
gonta in five, and Agaricus tabularis in but three. A. fabuloris fruited
earlier in the season than the other fungi. During 1909 and 1915, when
conditions were most favorable for the growth of these fungi, A. fabu-
laris fruiting bodies appeared early in June, followed about ro days later
by fruiting bodies of Calvatia cyathiformis. A second and very light crop

11In 1912 the writers were absent during the latter part of May and the greater part of June, and no records
were secured until June 1o, after which date fungi were not noted. Mr. Robert D. Rands, who assisted .
in the alkali and drought resistant plant investigations at Akron, Colo., photographed a ring of Calvatia
cyathiformis early in June. It seems improbable that Agaricus fruited during this year, since only a few
Calvatia fruits and no fruits of Agaricus were noted by Mr. Rands.
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of each of these fungi occurred on August 16, 1915, following a rain on
August 14 of 0.43 inch. Similarly C. cyathiformis produced on July 13,
1909, a second crop following a series of heavy rains (2.80 inches) on
July 7-9.

Calvatia polygonia fruited later in the season. The earliest record of
its occurrence was June 21, 1915. In 1909 it was found in fruit on July 6
and again on August 1o. It did not fruit as freely as did Calvatia cyathi-
formis, and often the rings produced only one or two fruiting bodies at
a time.

In Table III is shown a summary of the weather conditions ! for each
of the years here considered, with the exception of 1907, during which
year no determinations are available. The data are summarized for the
months of May, June, July, and August.

Soil moisture was the chief factor in controlling the fruiting of these
fungi. If during May and June the soil of the first and second foot was
moist throughout, these fungi fruited rather abundantly. If the soil
was dry even during a part of this period, the fruiting bodies were not
produced. These data are not taken from moisture determinations in
the fungus ring but from determinations in the typical short-grass sod.
As will be shown later, the moisture conditions in the Agaricus rings
are not as favorable as those shown in this table.

In 1909 and 1915 the soil of the first and second foot was moist dur-
ing the month of June, and the fungi fruited abundantly throughout
this period. In 1912 soil moisture conditions seem to have been favor-
able during June. The failure of Agaricus tabularis to fruit at this time
may have been due to the very extreme conditions of drouth during
the preceding season. In 1914 Calvatia cyathiformis fruited sparingly
but A. fabularis produced no fruiting bodies. The impervious nature of
the soil in Agaricus rings probably explains the absence of fruiting bodies
of this fungus in 1912 and 1914, following the dry years 1911 and 1913.
On the basis of soil moisture, 1909 and 1915 were the most favorable
years.

The rainfall was heavier in 1909 and 1915 than in any other year.
The combined rainfall in May and June, the period during which it would
be most important as a factor in fungus growth, was especially low in
1910, 1911, 1913, and 1916, the years during which fungi did not fruit.

The number of rainy days gives a better idea of the general conditions
of humidity than does the amount of rainfall. Rainy days were more
numerous during May, June, July, and August in 1915 than during
any other year, including 1909, when a good crop was produced. In
the period for 1915 more than half the days were rainy. Evaporation
was lowest in 1915. A comparison of the evaporation rate in June,
1915, with that of the same month in 1909 shows conditions to have been

1 For the weather data here recorded the writers are indebted to Dr. L. J. Briggs, Biophysicist in
Charge of the Office of Biophysical Investigations, Bureau of Plant Industry.
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much more extreme in 19og than in rg915. The years 1908, 1911, 1913,
and 1916 were the most extreme, to judge from the evaporation rates.
It was during these years that no fruiting bodies were observed.

TABLE III.—Weather and soil conditions during the months of May to August for the

years 1908 to 1916 at Akron, Colo.0

Condition and month.

|

1908 1909 1910 1011 ‘ 1912 1913 1914 1915 1916

Evaporation (inches):
May

Number of days during
which available soil mois-
ture was recorded in the

UgUs .
Number of days durmg

which available soil mois-
ture was recorded in sec-

7-709 | 6.825 | 5.797 | 7-323 | 7.097 | 5.835( 5.608 | 5.033 7-811
8.637 | 7-003acC | 8. 722 9.753 | 6.750c | 8.178 | 7-500C | 5.883a¢| 7.979
8.474 | 9.396c | 9.763 9-774 | 7. 618 9.259 | 8.654 | 6.660 11. 116
7.826 | 8.538 7.142C | 8.944 | 7-048 9.302 | 8.364 | 5.820ac| 4.216

8.162 | 7.941 7. 856 8.949 | 7.128 8.144 | 7-534 | 5-849 8. 331

3.30 | 1.87 2.06 .15 | 2.86 .44 | 1.46 413 2. 24
2.37 | 3.32ac | 1.38 1.43 | 3.39C 1.35 3.54C | 3.7s58C 2.00
2.42 | 4. 61C 147 .34 | 3.58 1. 85 1. 66 1. 10 .77
1.47 {377 3. 72C 1.30 | 1.58 I.14 | I.OS 3. 518C 2. 82
2.39 | 3.39 2. 16 1.32 2. 60 1. 45 1.93 3. 12 2.23
9 12 13 12 13 10 12 {16 12
18 15aC 5 10 11C 12 11C | 19aC 10
12 oc 3 13 17 | 17 {21 13
12 6 12C 10 I 7 14 | 17a8C 15
13 34 9 Ir 14 10 14 | 18 13
55 52 53 58 35 57 57 |52 55
64 64ac 67 70 63¢ 67 63c | 6oac 64
70 71€ 74 70 7 72 72 67 75
69 72 61c 69 69 kH 71 | 64ac 69
65 65 65 67 64 68 67 | 61 66
74+ 57 59 62 60 63 63 | s6+ 6o
74 67ac 63 77 68¢c "5 q6c | 71+ac 73
77 64+c 85 80 76 8o 81 | 74 81+
T PR 77€ 77 76 83 79 | 718C 77
75+ 63+ 71 74 70 75 75 | 71t 75+
90 85 87 91 92 91 85 | 88 70
93 93ac 95 98 89c 97 93¢ | 82ac 80
94 94C 100 95 96 103 96 |95 93
95 95¢ 97 96 98 101 | 948C 83
24 24 29 28 28 3T 32 | 27 41
41 41ac 32 43 37¢ 37 38c | 3sac 49
42 51 st 46 47 43 49 | 40 6o
46 51 3ic 41 48 53 42 | 308C 56

PR PO N I 19 31 | 31 8

17 10 30¢ 2 2a¢ | 30acC 23

2 [ 13 8 IX 14 ]

24 22C 6 13 o o | 31ac 2

RPN FTTTI FPPEN PP RN . o 31 | 31 31
30aC 23 o 30C ° 3oc | 3oac 30
19¢ ) ° 23 o 14 |30 23

o oc ) o ° o | 3oac o

6 +=Record incomplete; a=Agaricus tabularis; c=Calvatia cyathiformis in fruit at sometime during the

month,
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The mean temperature of the soil during May and June, 1909, was 57°
and 67° F., respectively. During 1915, when the fungi fruited abund-
antly, the soil temperature records were not complete, but indicate
that conditions were nearly the same as in 1909, the values being 56°
and 71°, respectively. The mean air temperatures did not vary markedly
during the different years, except that 1915 was cooler than the other
years. This is indicated in the maximum and minimum as well as in
the mean temperatures.

WEATHER AND SOIL CONDITIONS DURING THE FRUITING PERIODS

The conditions during and preceding the principal fruiting periods in
1909 and 1915 are given in Table IV. The conditions during the period
of fruiting are of interest in connection with the character of the fruit-
‘ing bodies and the length of the fruiting period. The conditions immedi-
ately preceding determine whether or not fruiting bodies will be pro-
duced.

TABLE IV.—Weather conditions for 10 days preceding and during the fruiting period of
Agaricus tabularis and Calvatia cyathiformis

; : i3 Soil moisture
Climatic conditions. conditions.
: . Temperature (°F.).
) X Evﬁg Daily | Per- pe CF)
Species and period. ora. | Iain- | cent-
tion, | fell- | age | gopp Air. First | Second
days foot. foot.
with
i Maxi- | Mini-
rain.
n. \Mean. { Mean. mum, | mym,
Agaricus tabularis: Inch. | Inch. .
. Fruiting period, June 3-19, | 0.218 | ©.29 65 65 62 91 41 | Moist. . .| Moist.
1909.
Previous 1o-day period, | .197 .08 60 57 55 85 36 |...do..... Do.
May 25-June 3, 1909.
Fruiting period, June s-24, { .208 .13 60 [....... 60 82 35 (...do..... Do.
1915,
Previous 10-day period, | .132 .25 80 fevunnn. 54 71 37 |...do..... Do.
May 26-June 4, 1915.
Fruiting period, Aug. 16-20, | . 199 .ob 8o 7T 63 82| 49 /{...do..... Do.
1915.
Prevfous 10-day period, | .204 L12 8o 71 57 82 35 |...do..... Do.

Aug. 6-15, 1915.
Calvatia cyathiformis:

Fruiting period, June 12-19, | 232 .04 50 67 64 83 46 |...do..... Do
1900,
Previous 1o-day period, | .192 .28 go 63 60 91 41 {...do..... Do.

June 2-11, 1909.

Fruiting period, July 13-17, | .294 o o 59 7T o1 54 {...do..... Dry.
1909. . )

Previous 10-day period, | .293 .28 50 63 78 90 51 | Dry to | Moist to
July 3-12, 1909. moist. dry.

Fruiting period, June 14-24, | .186 .04 64| 270 62 82 46 | Moist .. .| Moist.
191I5.

Previous 1o-day period, | .234| .26 ol . 56 32 35 |...do..... Do.
June 4-13, 1915.

Fruiting period, Aug. 16—20, | . 199 .06 8o 71 63 82 49 |...do..... Do.
1915.

Previous 1o-day period, | .204 Q12 80 71 57 82 35 |...do..... Do.

Aug. 6-15, 1915.

¢ Record incomplete.
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Agaricus tabularis fruited only once in 1909, the fruiting period ex-
tending over 17 days. At this period the soil-moisture determina-
tions in short-grass land showed available moisture in both the first and
second foot, and the mean soil temperature of 65° F. ‘The mean air
temperature was a little lower, 62°, and the range in air temperature
from 41 to 91°. The daily evaporation rate was relatively high, amount-
ing to o0.218 inch from the free-water surface of a 6-foot tank. The
rainfall averaged o.29 inch per day, or a little greater than the evapora-
tion.

In 1915 Agaricus tabularis fruited twice, the June period covering 20
days and the August period only five days. Soil-moisture conditions
were favorable during both of these periods. Conditions of evaporation
were similar. Although but a small amount of rain fell during the late
period, the percentage of days with rain was very high. Soil tempera-
ture was high during the late period. During the early period continu-
ous soil temperature records were not available, but occasional records
showed the temperature to have differed but little from the temperature
of the early period in 1909. The air temperatures did not differ markedly
from those of 1909, except that the maximums were much lower for each
crop. A comparison of the conditions in 1909 with those of 1915 shows
only a slightly higher evaporation and higher maximum temperature
in 1909. The effect of the more extreme conditions on the fruiting
bodies of the fungi will be noted later.

Calvatia cyathiformis, which fruits later in the season, usually fruits
during periods of higher evaporation and higher temperatures. In 1909
the first fruiting period extended over eight days. The mean soil tem-
perature was a little higher then than during the Agaricus period and |
the evaporation a little more extreme, but the air temperature range
not as great. Otherwise, conditions were similar. The second fruiting
period came during July and lasted only five days. The soil tempera-
ture was unusually low, the air temperature reached its maximum on
the last day of the period. Evaporation was high and there was no
rain. The soil was rapidly drying off. This second fruiting period
followed a rainfall of 2.39 inches on July 7. The soil of the first foot
was moist, but that of the second foot dry during this period.

In 1915 the June fruiting period covered 11 days. The soil was moist at
this time and the air temperature rather high, but the evaporation was
unusually low. During this damp period with frequent rain and low
evaporation the fruiting bodies were produced under conditions markedly
different from those of 1909, in so far as aerial conditions are concerned.
The second fruiting period covered only four days in August. The
mean temperature of the soil was 71° F., although the air temperature
was rather low. This period followed a period of rainy weather, as is
shown by the 1o-day period preceding. The evaporation was unusually
low, and rain was recorded on four of the five days considered.
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EFFECT OF WEATHER CONDITIONS ON THE CHARACTER OF THE
FRUITING BODIES. '

The effect of high temperature on the fruiting bodies is well known.
Fruiting bodies which appear during damp, warm periods decay rapidly
and are soon destroyed by maggots. On the other hand, those which
appear during cool periods remain fresh for a much longer time.

On the Great Plains it often happens that a spell of wet weather will
be followed by an exceedingly dry period in which the evaporation from
the soil and transpiration from the plant surface is excessive. When
the fruiting bodies of the fungus are produced during such a dry period,
the shape and proportions of these bodies and the character of the top of
the pileus are greatly modified. The fruiting bodies of Agaricus tabu-
laris produced during a period of rapid evaporation have a very rough
and scaly periderm, a thick, firm pileus, and a short, thick stipe. These
present better herbarium material when dried in place than when dried
in a drying oven. On the other hand, if the fruiting bodies are produced
during a period of less excessive evaporation, the pileus is thinner and
expanded, the stipe long, and the periderm often quite smooth. These
decay rapidly, and are difficult to preserve. In 1909 the tops were
mostly rough (Pl 10, B, C). They were produced during a period of
comparatively rapid evaporation. During the year 1915 the tops were
either smooth or rough, depending upon the time of appearance and
the exposure. The fruiting bodies produced among taller growing
plants and grasses almost invariably had smooth tops (Pl 11, A), while
those which occurred in the open had rough tops (Pl 11, B, C).

The Agaricus tabularis ring sketched in figure 10 was partly in a corn-
field and partly in the open. The fruiting bodies developed in the corn-
field were comparatively smooth on top, the pileus spread out very wide
and thin, and the stipe comparatively long and slender, while the fruits
produced in the short-grass sod had a thick, firm, pileus, rough on top, and
a very short and stocky stipe. The differences were similar to those
shown in Plates 11 and 12.

The amount of variation in the pileus is well illustrated by the fresh
sporophores shown in Plates 10 and 11 and the dried sporophores
shown in Plate 12. In Plate 12, A and B, the characteristic pileus of
Agaricus tabularis is shown, while in Plate 12, C and D, this tabular
structure is entirely lacking.

Duggar (1905), who has made an extensive study of wild and cultivated
forms of Agaricus, calls attention to the great amount of variation pro-
duced in the different strains under different cultural conditions. This
wide range of variation and the effect on morphology, color, etc., make
doubtful the specific value of forms showing only slight morphological
differences (Duggar, 1915).



214 J ournal o f Agricultural Research Vol. XI, No. 5

It has been difficult to determine the number of distinct forms occurring
as fairy rings in eastern Colorado. The first form to appear in the spring
is Agaricus tabularis, ranging morphologically from typical A. tabularis
to the smooth expanded type similar to A. arvensis. Later in the season,
if moisture conditions are favorable, a series of smaller forms (A. campes-
tris) appear which show almost as wide a range in morphological charac-
ters as does A. tabularis, but which are entirely distinct from the latter
in time of appearance and in the character of the mycelium in the fairy
ring. ‘The mycelium is not dense in the soil. The whole plant is less
vigorous, the fruiting
bodiesaresmallerand of
a more delicate texture.
But in this group the
fruiting bodies often be-
come decidedly rough
o . on top and present wide
variability in the ap-
0o,  Dearance either of the
S DUAMETER A7 MIETERS s fresh or the dried forms.

o The appearance of the
° fairy rings produced by

the A. fabularis group
o is entirely distinct from
rings of the A. campes-
iris group.

The effect of the dry
climate on Calvatia
FI1G. 10.—This Agaricus fabularis ting was partly within a corfield V! ath’if ormis is not as

and partly within the native short-grass sod. At one sidethe marked as on Agaricus
o e e by e el o pond. Toemwl abulayis. The perid-

pileus, and a smooth top, while those in the short grass showed a ium, which is usually
short stipe and a compact pileus with a roughened top characteris- dried ra_pidly, has a

tic of Agaricus tabularis.

rough tabular appear-
ance. As soon as dry, these scales fall off, exposing the spore area
underneath (Pl. 27, A). The same is true of Calvatia fragilis. Calvatia
polygonia produces a heavy, thick, scaly peridium (Pl. 29, A, B), which
responds especially to the dry conditions of the atmosphere. If the
young puffballs are injured, they break open, forming abnormal fruiting
bodies, such as shown in Plate 29, C. These fruiting bodies dry up be-
fore mature spores can be produced.
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AGE AND RATE OF ADVANCE

Very little data are available on the rate of advance of fairy rings.
Hutton (1790) observed this advance during a period of eight or nine
years, but gave no data as to rate. Wollaston (1807) measured the
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annual increase in the rings and found it to be from 8 inches to 2 feet
per year. '

Thomas (1905) reported on a ring that had been studied especially as to
its outward increase for the period from 1896 to 1905. This ring was
formed by Hydnum suaveolens. In 1896 the ring was nearly complete,
but was never complete after that time and only during the years 1901,
1902, and 1905 was there any appreciable increase in outward growth.
The average increase of the radius for the period was found to be 23 cm.
From this the age of the ring was calculated to be about 45 years.

Ballion (1906) found an increase in the radius of a ring to be 12 cm.
during one year, but said the increase was very irregular. The advance
was said to be most rapid when the ring was young.

Coulter, Barnes, and Cowles (1911, p. 807) mention a colony of Hydnum
suaveolens which advanced from ¢ to 11 meters in a period of nine
years. The age of the colony was estimated to be about 45 years.

Bayliss (1911) found the maximum increase of a ring of Marasmius
oreades to be 134 inches per year, and the minimum increase 3 inches.
She thought rings might extend for 50 or even 100 years.

Very little data are available on the rate of advance of fairy rings in
eastern Colorado. Doubtless it is very unequal, and during dry years
little, if any,advance is made. During moist years,such as 19135, the rings
make a very decided advance.

The first crop of Agaricus tabularis usually occurred near the inner edge
of the outer stimulated zone (zone 4, fig. 3). The second crop, which in
1915 occurred two months later, had advanced an additional 8 to 30 cm.
(fig. 11).

It is often evident from the old fruiting bodies which have remained
in place that the advance is approximately the same for the first as for
the second crop. But the rings fruit only during the exceptionally wet
vears. If it is assumed from these observations that the amount of.
advance for each crop is approximately 30 cm., we may estimate the age
of the rings on the basis of the records of the last 10 years. Four crops
have been produced in 10 years, which would correspond to an advance
of 120 cm. in this period of time. From observations of the rings during
this period these estimates would seem to be approximately correct.
On this basis the average yearly advance would be about 12 cm. A
ring 6o meters in diameter would be approximately 250 years old. In
the southern portion of the area shown on the map (fig. 2) a large num-
ber of small or fragmentary rings are roughly arranged in the form of
two still larger rings. If these fragments have had a common origin,
which seems a correct assumption, the age of these large fragmented rings
wotld be approximately 600 years.

The rate of advance of the Calvatia cyathiformis ring is about the same
as that of the Agaricus fabularis ring during periods especially favorable
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for growth. The second crop produced in 1915 showed an average
advance of from 8 to 3o cm. (fig. 5, 12, and Pl. 25, A, B; 26, A). Judg-
ing by the sterile bases of the old fruiting bodies the first crop shows a
similar advance over the crop the year before. If we assume this
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FIG. 11.—A sketch of ring 1 made in August, r915. The fresh fruiting bodies are shown as circles and the
old fruiting bodies as dots. The ring has been interrupted at the upper left-hand side and on the right
has apparently come into contact with the second ring which produced a slight extension at the upper
part of the figure. The fungus was especially luxuriant in this portion and at this point produced a large
number of fruiting bodies in both the first and second crop. The distribution of the fruiting bodies near-
the interrupted portion of the ring indicates a tendency on the part of these rings to grow around, pro-
ducing an effect not dissimilar from the effect of tree growth in covering a wound or dead branch.

maximum rate to be 3o cm. per crop, the advance during the 10 years
would be eight times this amount, since the fungus fruited only eight
times, or a total advance of 240 cm. For the 10 years this would mean
an average yearly advance of 24 cm., or about twice as rapid as the esti-
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mated yearly advance of A. fabularis. The age of the largest rings,
which are 200 meters in diameter (Pl. 24, B), would be approximately
420 yearts.

DISTRIBUTION OF THE MYCELIUM IN THE SOIL

. The distribution of the mycelium in the soil can not easily be deter-
‘mined, except for Agaricus tabularis. On the high plains the mycelium
seldom penetrates deeper than the superficial soil layer, which is dark in
<olor, owing to the presence of organic matter. In most cases the lower
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FIG. 12—A detail map of ring 5 shown in the lower left-hand corner of the map. This Calvatia cyathi-
Jformis ring had produced two crops of puffballs, the first crop being indicated by dots and the second
by circles. ‘The zone of influence of the C. cyathiformis ring is much narrower than that of the Agaricus
tabularis ring.

limit of penetration was reached near the inside of the area when the old
mycelium had penetrated to a depth of from 5 to 10 cm. below the level
of the young mycelium at the front edge of the fungus development.

In no case have the writers found the mycelium nearer to the surface
than about 8 cm. This is probably due to the extremely dry con-
dition of the surface soil during a large part of the year. Wollaston
(1807), Molliard (1910, fig. 1), and Miinch (1914) found the mycelium
extending to the surface of the soil. This would be the case where the
surface of the soil remained moist for a considerable time. In figures 4
and 13 and in Plates 14, C 15, and 17 the distribution of the mycelium of
Agaricus tabularis is shown.
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F1G. 13.—A bisect and transect of an Agaricus tabularis ring at Akron, Colo., on August 7, 1916. ‘T'his ring is one possessing unusual vigor and bas apparently advanced at a
comparatively rapid rate during the last few years. The area of influence of this ring extends to a width of a little over g meters. The figures at the top of the transect indicate
stages in succession: (1) Is natural short-grass sod; (2) an outer withered zone in which the short grass is dying fromn drouth; (3) an early weed stage occupied by afew remaining
plants of short grass and characterized by the appearance of a few small annuals; (4) short-lived grass stage marked chiefly by Schedonnardus; (s) the perennialstage which
shows an abundance of Artemisia frigida; (6) the short grass becoming reestablished. ‘Thenaturalshort grass is shown at 7. In the bisect below is shown thedistribution of the
plants mapped in the transect above, and also the distribution of the mycelium of the fungus in the soil. The figures indicate the location from which the samples were taken for
ammonia, nitrate, and moisture-content determinations.
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in the soils in eastern Colorado, the chances for loss of nitrogen are
greatly reduced.

As the mycelium passes on to new soil the old mycelium dies. The
death of this mycelium is followed by decay produced by bacteria and
molds which again liberates a supply of nitrogenous material for higher
plants. The result is an increase in plant growth, the production of
more roots in-the soil, and consequently an increase in the organic
matter contained in the soil.

Wollaston (1807) spoke of the exhaustion of the “pabulum” of the
soil necessary for the growth of the fungus, but did not state of what
this “pabulum” consisted.

According to Buckman (1870), anything which would kill a patch of
grass and thus give the fungus something (organic matter) on which to
live would produce a fairy ring.

A special study of the carbon content of the soil in fairy rings was
made by Lawes, Gilbert, and Warington (1883). The percentage of
carbon (Table V) was found to be uniformly higher outside the ring
than either in the ring or within the ring. The determinations in and
inside the ring differ only slightly, the smallest amount of carbon being
recorded inside the ring.

TABLE V.—Mean percentages of carbon & in the fine dry fairy-ring soils, according to
Lawes, Gilbert, and Warington (1883)

Percentage of carbon.
Description of ring. .

Withinthe| On the Outside

ring. ring. the ring.
Grove Paddock (May, 1874). . .« ovvvvenrenrinnnannn. 3. 06 2. 72 3.34
Broadbalk(June, 1877).......coo i 2. 38 3.36 3.29
Broadbalk (September, 1877). ... 2. 48 2. 6o 3. 12
Park (September, 1877). .o 2. 88 3. 21 3.31
Park (April, 1878). .. vvv i 3. 12 3.04 3.44
MeEAN. vttt it 2.8 2.99 3.30
Carbon “outside’ = 100.......cciviiiiiiiii. 84. 2 90. 6 100, 00

aCarbon determined “by combustion in oxygen.”

The percentage of organic carbon in the soil in the different sections of
Agaricus tabularis rings at Akron, Colo., is presented in Table VI. It is
evident from this table that no significant differences are noted in the
organic carbon content. The organic carbon content, with one exception,
ranges from 2.15 to 3.79 per cent. Difficulties are encountered in deter-
mining the carbon content where the soil contains only a small amount of
organic matter. It is evident in this case that the errors due to the inclu-
sion of the roots of plants are so great as to obscure to a great extent the
effect of the growing mycelium on the organic matter of the soil.
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TABLE VI.—Percentage of organic carbon @ inrings of Agaricus tabularis at Akron, Colo.

Sample No. Location. Ring B. Ring 2. Ring 8. Ring 6. Ring 7.
N Outside............ 2.37 2. 76 3.26 2. 69 2.97
2o Youngest mycelium 2. 58 2.87 2.83 2.93 3.33
K T Dense mycelium.... 2. 1§ 3.17 3.50 2.91 3.0z
hoviininnans Below No. 3........ 2,23 2. 89 3-79 2.94 3.05
LS. Old dying my-

| _celium.......... 2.23 2.73 2.87 3.23 2.81
[ Inside............ 2. 34 2. 45 3.43 2.64 .98

a For the determination of organic carbon the writers are indebted to Dr. E. C. Shorey, of the Bureau of
Soils. The determinations were made by the moist-combustion method with sulphuric acid and potassium

bicromate.

One of the principal effects of the growth of the fungus mycelium in the
soil is in changing the nitrate or ammonia content of the soil.

Lawes, Gilbert, and Warington (1883) found more nitrogen outside
the ring than either in the ring or inside the ring (Table VII). The same
results were obtained for carbon (Table V) and the ratio of carbon to .
nitrogen was found to range from 11.2 to 11.7. They also determined
the nitrates and found here a much greater amount in the ring than
either inside or outside (Table VIII). From the results it was con-
cluded that in fairy rings the nitrates of the soil were greatly increased
and that the source of the nitrates was the organic matter of the soil.

TABLE VII.—Mean percentages of niirogend in the fine, dry fairy-ring soils, according
to Lawes, Gilbert, and Warington (1883)

Percentage of nitrogen.
Description of ring.
‘Within On the Qutside
the ring. ring. the ring.
Grove Paddock (May, 1874). . .o vvvineinnnnnannnnn 0. 262 0.274 o.287
Broadbalk (June, 1877) . . .« it e . 271 . 300 . 315
Broadbalk (September, 1877).......vovv i . 226 . 244 .274
Park (September, 1877)........co it . 222 . 253 . 259
Park (April, 1878). ..o oiv . 253 . 257 . 269
Meam. ... .ottt e . 247 . 266 . 281
Nitrogen “outside’’=100.............cooiviviiin 87.9 94. 7 100. 000
Ratio of carbon tonitrogen.................... IL 3 IL 2 117

a Nitrogen determined ‘‘by combustion with soda-lime.’’

Molliard (1910) concluded that the mycelium acted directly on the
humus of the soil and that the reduction of the organic matter of the
soil gave rise to ammoniacal salts. The amount of ammonia found in
different portions of the ring (fig. 1) is shown in Table IX. The greatest
amount was found under the dead zone (III) and in the mycelium area
under the outer stimulated zone (IV). No significant difference was
noted between the inside and the outside of the ring.
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TABLE VIII.—Nitrogen as nitrates per million of dry fine soil, according to Lawes, Gilbert,

and Warington (1883)
Crum- - Crum- p
hlds- h!
Location. 1*11:;‘1(- Scing Location. Fi':;g" Scinlgs_
method, | method. method, | Method-
Broadbalk fairy-ring soils, Park fairy-ring soils col-
collected June 18, 1887: lected Sept. 19, 1877:
Within the ring ..... 0.23 [.ou.n.. Within the ring ..... Trace. [.......
On the ring.. 292 uuinn. On the ring (center)..[ .46 |.......
Just outside the nng RV% 3 On the ring (outer
Outside the ring.. T P edge)............. L2T [ceueen.
Broadbalkfalry-rmgsmls, ]’ustoutstde the ring.|Trace. |.......
collected Sept. 15, 1877: Park fairy-ring soils, col-
Within the ring...... L3I | I.03 lected Apr. 25, 1878:
On the ring.......... 8.07 | 11.46 Within the ring. ..... B & 2 RN
Outside the ring..... ILI0 | 2.44 On dth)e ring (inner
.............. b S5 5 SN
On the ring (outer
J .............. None.
Outm e the ring. .. .. 18 |,

TABLE IX.—Quantity of ammonia (in milligrams) in 100 gm. of dry soil according to
Molliard, 1910

Ammonia :
Ammonia
Zone. tion. taken up ine Total
Locw l:vs; :el:_e It:;asoil(.l ammonia.

I........ Inside, no mycelium...................... 4 33 37
III...... Dead-grass zone, in mycelium............. 14 66 8o
IV (s)....| Outer stimulated zone (above mycelium

ATEA). cv v vee et e i 8 45 52
IV (p)...| Outerstimulated zone (in mycehum area) 17 56 72
Voo Outside (normal) no mycelium.............. 3 35 38

The determinations of ! nitrogen in the form of ammonia and nitrates
in rings formed by Agaricus tabularis in 1915 are given in Table X.
The soil samples were taken with a soil tube and consisted of a core of
soil extending through the first 6 inches, the first foot, or the second
foot of soil. The results in the second foot are less significant than those
in the first foot, since less of the mycelium lies in this area. It will be
noted as a rule that the ammonia content is higher in the ring than inside,
and higher inside the ring than outside. In the case of nitrates the
results are not conclusive, although as a rule the nitrates are more
abundant in the ring and inside than under the normal sod outside.
In 1916, samples of soil were taken in six carefully selected places in a
trench dug across a number of different rings formed by Agaricus tabularis.

1 For the determination of nitrates and ammonia the writers are indebted to Mr. R. C. Wright, of the
Office of Soil-Bacteriology Investigations, Bureau of Plant Industry. The determinations were made by
a modified Ulsch method. T'wo hundred c. c. of soil extract were treated with one c. c. of concentrated
sulphuric acid and five gms. of reduced iron powder, and the reduction was allowed to proceed from 12 to
15 hours. ‘This solution was then made alkaline with magnesium oxid and distilled into standard acid.
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The location of these samples is indicated in the case of ring 2 in figure 13.
The results are shown in Table XIII. In these determinations the first
figure indicates results on the comparatively fresh soil; the second figure
is a determinatian made on a duplicate sample which had remained in a
dry condition in the laboratory for about seven months. Nitrates were
least abundant on the inside of the ring and most abundant in the part
occupied by the old dying mycelium. In the area occupied by the
young mycelium and just below it, and also in the mass containing the
dense portion of the mycelium, the nitrate content was about uniform.
Ammonia was least abundant inside the ring, and most abundant in the
dense portion of the mycelium. In the case of the new mycelium and
the area just below the dense mycelium the ammonia content was about
the same. More ammonia was found outside in the native sod than on
the inside of the ring. The total nitrogen was determined in duplicate
from dried samples. It is evident that the changes in the quantity of
nitrates or ammonia recorded in different portions of the soil mass are
not accompanied by changes in the total nitrogen content of the soil.
In other words, the nitrogen seems only to be changed from one form
to another.

TaBLE X.—Quantity (in parls per million) of ammonia and nitrates in Agaricus tabularis
rings, Akron, Colo., 1015

Nitrogen in the form of | Nitrogen in the form of

ammonia. nitrates.
Ring No. and date. Depth.| ¢ Inner | & . Inner
g | Dare |stime| cige | Bare | stimo-
légfl; No. 3. J2ne ﬁgfl; No. 2. Zone

Feet .
Ring 1, July 13, 1015, ..o eini il I 19 61 24 ) 11 8
Do 2 5 21 11 3 8 5
ng 2 June 16, 1015. ...l T e 20 14 38
................ R R N 71 12 24
Do ................................... 20 8 24
ngz July 13, 1915 00 ev v S R I P 12 14 Tr.
............................. L P R P 61 Tr.{......
Do ............................. Zeeeved]eniidot Tr. | Tr. °
ng 3 July 13, 1915 I 16 48 24 3 11 I
............................. 2 i1 16 8 3 5 5
Ring 4, Aug. 16, 19I5.......cviunn.. b3 16 59 24 Ir i1 14
ng m oats, July 17, 1915.......... I 16 24 16 o 5 5
............................. 2 II 19 11 o 5 3
Ring in wheat field, Aug. 12, 1915...]...... 19 53 [-vnnnn [3 24 |oonnns
Mean...............ooiiinin I 17 49 22 7 I3 13
Do.oviniiiiiiiinnns, 2 9 19 10 5 6 9
Do.ovvvvven i 3 N PUAAN P 10 4 | 12
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The determinations of nitrogen in the form of ammonia and nitrates
in Calvatia cyathiformis rings for 1915 are summarized in Table XI.
In the case of rings of C. cyathiformis more ammonia was found in the
outside than on the inside or in the zone which had produced fruits.
In the case of nitrates the reverse was found to be the case, the nitrates
being somewhat more abundant in the ring than either outside or inside.
The determinations from samples taken in 1916 are given in Table XII.

TABLE XI.—Quantity (in parts per million) of ammonia and nitrates in Calvatia cyathi-
formas rings, Akron, Colo., 1915

Nitrogen in the form Nitrogen in the form
of ammonia. of nitrates.
Ring No. and date. Depth,
Out- In In- Out- In In-
side. | ring. | side. | side. | ring. | side.
Feet

ng 5, June 26, 1915....... ...l I 19 21 19 3 o 8
............................. 2 II iI 1I 3 5 o
ng 5 July 13, 1915. ..o vl S R N 10 8 6

............................. P28 PPV P P I 8 6| Tr.

Do ............................. KT PP PV PR Tr. 10 | Tr.
Ring 35, July 28, 1915.. b 13 37 34 8 I | II

Ring 5, Aug. 16 1915 ............... § 72 PN PO Tr. | Tr. | Tr.
Mean..........oovvimvviiiinnnnn, I 13 29 27 5 5 6

Do 2 11 II II 2 6| Tr.

DOu e F 2 IS PV P Tr. 10 | Tr.

TABLE XIL.—Quantity (in paris per million) of nitrogen as ammonia and nitrates in
Calvatia cyathiformis rings, Akron, Colo., 1910

Nitrogen in the form of Nitrogen in the form of
ammonia, nitrates.
Sample|
No.
Y-8. | Y-9. | Y-r10. Aa‘;:f' Y-8. | ¥Y-9. | Y-ro0. Aa‘;g-
I
i ;
Outside............... T 43 ... i 43| 43| 710 57| 86 7.1
Among mnew fruiting ‘ ‘
bodies. . 2| 1.4| 2291 57| 33| 29| 86| 12,9 8.1
Among old fm1t1ng
bodles ............... 3| 1.4 .o 29| 1.4 861! 7.1|100 8.6
Inside................. 41 29| 29| 29| 29| 86{ ...... 5.7 7.1

Ammonification took place in all samples shown in Table XIV. The
greatest increases were recorded in the soil outside the ring. Nitrification
was low in this sample. In the young mycelium ammonification and
nitrification were almost as rapid as in the natural soil. In the soil
with dense mycelium both ammonia and nitrates were relatively high at
the beginning of the experiment. Ammonification was rapid, but nitri-
fication very slow during the first 5-day period. At the end of 2 weeks
the ammonia had increased even more than during the s-day period,
while the nitrification was very high, much of the ammonia having been

7769°—17——3
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transformed. In the old mycelium the ammonia content was very low
and nitrate content relatively very high at the beginning of the experi-
ment. After five days and two weeks the nitrate content was still high
and the ammonia content relatively low.

TaBLE XIII.—Quantity (in parts per million) of niirogen as ammonia and niirates and
N2 in Agaricus tabularis rings, Akron, Colo., 1916

Nitrogen in (fx‘x‘{ea .form of Nltmgennilé‘ra't;]::. form of “Total nitrogen as N%.a
dlel gl alal i elgeleli]|s]%]ale
: Location. glelgleleleglelgizlelelgl ginln
J g8/ 8|55/ 8|8{8|5 |5/ 8|8 |8|2|%
Z S I e B - O O T O - I O I
2 S|l &Ml a8 || {@mM| a2 m]| & o
] o | ®0f oo | b0 | bo | o | bof bo | to | o | w | w0 { | @ | w
; A IEAHIEI I AR LA E AR
- 1 [ 4
1 | Outside (see fi
.. 4-3 7-9| 5.9 8.6| 11.4| r1.4| Y0.9| 4.3|1,100| 840 770|1,050(1, 100
1 9-5 7.6| 3.8/ 40| 5.0 3.8 19| .o1,120] 840 700| oI0|1,050
2
12.4] 6.4 12.8| 14.3| 11.4] 21.4] 6.4 11.4|1,120|1,050] 770[1,05° 910
2 170.| 5.0 f1.0f .o .o of 4.0 2.0'1,190, 9I10[ 770[1,050| 910
3
7.3 2.9| 27.2| 75. 97| 15.%| 11.4] 12.9| %.0| 8.6 or0/1,050| #%00|1,120{1,050
3 T.0| 21. 6| 27.0( 22.9| 2.0[ 4.0 9.5 11.4| 8.7 770| 980| 840|1,050!1,050
4 2.9 43| 13.0| 11. 4| 10.0| 12.9| 22.9( 11.4| 8.61,050{ 840| %70} 980|1,330
4 3.0 1.0/ 6.0 6.0/ 8.0 1.0 5.0 6.0] 10.01,050, 470| 770| 910/1,330
5
1.4 5.9 2.9/ 6.4 86| 86| 34. 2| 22.9{ 32.2| 22.9] 840| 840] 700| 840| o10
5 6.0| 17.1{ 3.0 5.7/ 14.0] .o| 26.0! ¥0.0| 30.5| 8.0 840; 470| 700| 840 o910
6 2.9| 2.9/ .o| 3.6 2.8 10.0f 8.6{ 1.4( 4.2 7% x1|1,050{ 770 700| 910 080
6 59 40f .o 6.6 9.5/ .of .ol .of 40 1.9 980 700 700{ 910 840

a For these determinations the writers are indebted to Mr. H. W. Daudt, of the Bureau of Chemistry.
The determinations were made by the Kjeldahl-Gunning-Arnold method.

Under field conditions the growth of the mycelium is accompanied
with the production of ammonia. In the older mycelium, on the other
hand, the nitrification is rapid and most of the nitrogen is found as
nitrates and only a comparatively small amount as ammonia. The
nitrification and ammonification determinations are in accord with the
determinations made from field samples.

TaBLE XIV.—Ammonification and niirification (in paris per million) in Agaricus
tabularis rings, Akron, Colo., May, 1917 @

Ammonification. Nitrification.
. . | . .
Nitrogen as|Nitrogen as) Nitrogen as N:trpge:n as
. . ammonia | ammnlonia iyy: nitrate nitrate
Sa‘;}?le Location. N;g',’gﬁﬁi aas gained after|gained after N‘;‘;‘:j‘_:?e 8Slgained after|gained after
' originally |, sdavs’ | 2 weeks’ originally |, 5 days’ | 2 weeks’
resent in | incubation [incubation | Sy ) incubation | incubation
P soil with o.2 with 0,2 | P soil with o.2 with o.2
. per cent of | per cent of ! . per cent of | per cent of
peptone. peptone., i peptone. peptone.
1 | Outside........ 3.3 59.9 55.9 0.0 5.1 15. 3
2 | Youngest myce-
lium...... e g 34.7 39.5 9.0 —14 15. 8
3 | Dense mycelium 2I.0 35.2 40.0 2I1.0 .5 22.8
5 | Dying mycelium I.§ 29.0 17. 1 34-5 28. 5 117.5

@ These determinations were made by Mr. R. C, Wright, of the Office of Soil Bacteriology, Bureau of
Plant Industry.
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From the results of previous investigations and from those here pre-
sented it is concluded that the progress of the fairy-ring fungus through
the soil brings about the following chemical changes. The dead organic
‘matter of the soil is utilized as a food supply for the saprophytic fungus.
During the process the carbohydrates are consumed or reduced and parts
of the protein material consumed by the fungus and reduced to ammonia.
This combines readily to produce ammoniacal salts, or is changed by
bacterial action to nitrites which are in turn converted into nitrates.
The chief effect, in so far as soil chemistry is concerned, is to change the
protein portion of the organic matter of the soil into compounds of
nitrogen which are readily available to higher plants.t

PHYSICAL CHANGES

The physical differences in the soil in different portions of fairy rings
are due to the growth of the fungus and to the effect of the amount of
other vegetation developed on the different zones.

Waring in 1837 (Bayliss, 1911, p. 112-116) noticed the effect of the
mycelium on the rate of absorption of water by the soil. In Table XV
are presented the results of moisture determinations made by Lawes,
Gilbert, and Warington (1883). Their results indicate less soil moisture
in the ring than either outside or inside. Measurements made by
Molliard (1910) showed that the soil was comparatively dry in the
zone occupied by the mycelium (Table XVTI).

TABLE XV.—Percentage of water in fresh soilas collected, exclusive of stones, according
to Lawes, Gilbert, and Warington (1883, p. 216).

Location. Surface | Subsoil.

Grove Paddock fairy-ring soils, May 19, 1874: .

Within ring. ... i 16. 03 15. 68

O FING. oottt e 12. 58 12. 30

Outside ring. ... i e 15. 7L 16. 24
Park fairy-ring soils, Sept. 19, 1877:

Within ring. ... ... i i i 22. 80 17.04

Onring (Center). ........ovuiiiuviiii i 19. 29 13. 13

On ring (outeredge). .. ......oovuiniiiieinnnnnne.. e 18. 50 13.23

Justoutsidering.......... ... .. . ...l 23.33 15.03
Park fairy-ring soils, Apr. 25, 1878:

Withinthe ring. .. ... e 26. 34 19. 21

Onring (inside). ... ... 26,33 {0

On ring (outside). ................ovuen. 21. 95 19. 14

Outsidethering......... ... 27.96 19. 74

! While the details of the process of reduction of the proteid portion of the organic matter have formed
no part of these studies, it is interesting to call attention here to the probability that some of the inter-
mediate products, such as amino acids, are utilized directly not only by the fungi but by the higher plants.

See Schreiner and Shorey (1910), Schreiner and Skinner (1912), Schreiner and Lathrop (1912), Schreiner
(1913), and the review of this subject, with citations of the earlier literature in Lathrop (1917).
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TABLE XVI.—Soil-moisture content of soils in different portions of a fairy ring, according
to Molliard, 1910

Percentage
Zone. Zone No. of soil

moisture.
Dead-grass zone, in mycelium. .........c.oovvviiiiiiiiiii III..... 5
Quter stimulated zone, in mycelium. ...........................| IV (p).. 7
Quter stimulated zone, not in mycelium. ...................... IV (s).. 21
Inside, nomycelium. ......... ... ... i I....... 21
Qutside, nomycelium. .. ... Voo, 21

Bayliss (1911) found soils which contained mycelium difficult to wet,
and mentioned a case where a rain which moistened the soil to a depth
of 4 inches did not even penetrate the surface in the mycelium area.

The conditions of moisture in the rings formed by Agaricus tabularis
at Akron, Colo., in 1914, 1915, and 1916 are indicated in Tables XVII,
XVIII, and XX. It will be seen from these tables that the soil in the
ring is usually very dry in the middle and late summer. During the
spring the soil in the ring differs but little from that outside or inside
the ring, provided the previous season was not too dry and a sufficient
rainfall had occurred during the winter or early spring to wet the whole
soil mass.

TaBLE XVII.—Moisture content above or below the wilting coefficient tn two Agaricus
tabularis vings on May 16, 1914, Akron, Colo.

Ring A. Ring B.
Percentage of moisture. Percentage of moisture.
Depth. Depth.
Outside, | Inbareares, | Outside, | 10 Darearea,
Inches. Inches i
1t0 3 +17.8 | +18.6 | 1to 3..... +23.3 | “+20.1
3t06 +17.3 | +13.7 | 3t0 6..... 4-16. 4 + 2.0
6tox2...........| + 4.4 | — 3.2 |6tor2..... +13.8 — 3.2
12to18.......... +10. 8 | — .5 |12t018.... +11. § + 6.9
8to24.......... 4+ 9.1 .0 | 18to24.... +13. 0 + 7.6

The difference in soil moisture may be due to several different causes.
In the first place, if the soil is uniformly moist, the stimulated areas in
the ring (zones 2 and 4, fig. 3) would be the first to become dry as a result
of the stimulation of growth in these areas, since this increase in growth of
grasses and other plants dries out the soil rapidly. When once the soil is
dry, the mass of fungus filaments which permeate every particle of the soilin
zones 3 and 4 in the case of the rings of the Agaricus tabularis (Pl. 14, B)
will not permit the penetration of water into these soils. In Table XVII
the moisture content above and below the wilting coefficient is shown
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for two A. tabularis rings in May, 1915. These samples were taken in
3-inch sections. No differences were noted in the first 3 inches. In the
second 3 inches the water content in zone 3 (fig. 3) was greatly reduced
in the case of ring B, while in the second 6 inches no water at all was
available in the ring, though the soil outside of the ring still contained
available moisture. In Table XVIII the moisture content above or
below the wilting point in three rings of A. fabularis on three different
dates in 1915 is shown. While there was only a small amount of avail-
able water outside on June 16, there was no available water in the ring.
On June 26 a similar condition obtained in the ring, while by July 13 the
water content both inside and outside the ring had been reduced to below
the wilting point. These differences are not so marked in the second
foot. The year 1916 was a dry year and the fungi did not fruit. In
figure 13 is shown a bisect in which the place of taking samples is shown.
Samples take from four different Agaricus rings in 1916 are shown in
Table XIX. In all cases the water content was low, the vegetation being
in a dormant condition except outside the ring. During a period of
heavy rain the samples at 2, 3, and 4 feet would remain dry, while
others would readily become moist.

TaABLE XVIII.—Moisture content above or below the wilting coefficient in three Agaricus
tabularis rings in 1915, Akron, Colo.

June 16. June 26. July 13.

Depth. Ring ' Inn
@ No. \outside,| Bare | sy | Qut- | Bare | i | Out- | Bare | 3050
ZOne 5. | zone 3. zl;:gd;‘ zone 5. | zone 3. zlgttlzd;‘ zone s. | zone 3. ;gggdz.'
First foot. ... 1|+ 93| 402+ 67 +n8|-17|+ro|tor(—2.3| —2.9
Do...... 2 [+11.4 | —2.1 (+10.4 |[+3.0|—1.8 |~1.4 [—2. 1 |—4.2 | —2.8
Do...... 31+ 6.7|—29|+ .1|4+2.5|—3.5|—2.4|—2.5}|—2.7} —3.9
Mean. .|...... + 91t —1.6+57|+24-2.3]|—.9|-L5|—31{—32
Second foot 1|+10.4| 468 |+ 581478 +14 (+2.8|4+44(+1.6] —3.7
Do...... 24924744+ 90(+86|+20+1.8|43.5[—2.3| +2.7
Do...... 3+ 85| —30(+54|+61|—2.8|+ .4|+2.5|—1.4( —1.4
Mean. .|...... +94| 437+ 67 |+75+.21+7(+35]|—.7]| —2.4
Thlrdfoot 1(+95|+48|+ 59|+74 |+2.9 (+3.6([+42|+1.6]| —2.1
...... 24+ 92|+35|— .7(+82|+2.9 |+ .6|4+6 14 .6 +3.5
Do ...... 314+ 95| =41 |+ 43|+86|—2.3|+40|+6.5(+ .3 413
Mean. .|...... + 94| 414+ 32 (+81 (412 [+2.7 456+ .8|+ .9

In the case of rings of Calvatia cyathiformis the effect of stimulated
growth is the same as in the case of Agaricus tabularis. The mycelium
does not become dense enough to interfere with water penetration, and
after each rain the soil is again moistened. Table XX indicates clearly
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the effect of the stimulated growth of vegetation on the reduction of soil
moisture. The soil in the ring is first to be dried below the wilting point.

TaBLE XIX.—Soil-moisture content above or below the wilting coefficient in Agaricus
tabularis rings in 1916, Akron, Colo.

Sample No. and location. Jan;eg;'. mgf;. ﬁﬁ‘egz’é’- }{u‘;‘g g: Average.
1, outside (see fig. 13)............. —0. 2 +o.3 +3.2 +4.8 +2.0
2, youngest mycelium . . .. + .5 —2.3 —4. 1 —1.8 -1.9
3, mycelium densest driest -7 .o —2.3 —2.3 — .6
4, below No.3............ —ILI -3 —1.7 — .6 —1.2
5, old dymg mycehum — .6 —2.2 —I1.4 —2.5| —17
6, inside. . -2.5 — .8 —4. I —2.8 —2.0

TABLE XX.—Motsture content above or below the wilting coefficiert in a Calvatia cyathi-
formis ring in 1915, Akron, Colo.

June 26. July 13.
Ring No. Depth : :
ofsoil. | Outside, | TSHME | Inside, | Outside, | TRSUMU- | Insie,
zone 5. area 2. zone 1. zone s. area 2. zone 1
. Feet.

Ring 5........ 1 +2.2 —-13 +o.5 —o. 8 —2.6 —1.2
Do........ 2 +6. 4 +1.0 +5.5 +3.3 —-2.9 + .7
Do........ 3 +6.8 +1.7 +3.5 +4.1 —2.8 +2.9

For the purpose of studying the penetration of water both into the
mycelium infected soil and into the natural sod outside, a strip about 9
meters long was selected on the edge of a ring of Agaricus tabularis
where the zones were well defined. Holes were made 6 inches deep with
a soil tube. They were made in rows 1 meter apart, consisting of three
holes each. Omne row was outside in the natural sod (fig. 3, zone 5), the
next row at the border between the withered (fig. 3, zone 4) and bare
areas (fig. 3, zone 3), and the third row in the bare area. Two-liter flasks
of water were then inverted into the holes to determine the rate of pene-
tration (Pl 23,A). The results are given in Table XXI.

In both records the number of cubic centimeters of water that pene-
trated into the soils was much greater in the natural sod outside the ring
and least at the border line between the withered and bare areas where
the mycelium was most dense. The individual records vary conmsider-
ably. Thisis probably largely due to the varying density of the mycelium
in the soil and to differences in the dryness of the soil. - In the first meas-
urements the penetration in the outside was three times as rapid outside
as in the withered zone and twice as rapid as in the bare zone. The dif-
ference is a little less marked in the second experiment due partly to the
fact that part of the soil had already been moistened by the first irri-
gation. After heavy rain the water stands on the soil over these rings
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of Agaricus tabularis, while on the adjacent land it soon penetrates and
disappears. Several hours after a rain the surface soil will be muddy just
above the dry hypha-filled portion. When these hyphae are dry, water
is turned off just as from a dense mass of nonabsorbent cotton. The
figures in Table XXI do not fully convey the difference in moisture
penetration since under field conditions the moisture is free to run off on
adjacent land and the relative amount of water which penetrates the soils
of the Agaricus tabularis fairy ring is consequently smaller than would be
indicated by the table. The effect of rain in moistening the soil of an
Agaricus tabularis ring is shown in Plate 15. The mycelium-filled soil
shows light in the soil trench. The water penetrated both in front of and
back under the edge of the mycelium-filled soil without wetting the
latter. The moist soil appears dark in the soil trench.

TaBLE XXI.—Rafe of penetration (in cubic centimeters per hour) of water inio the soil of
an Agaricus tabularis ring, Akron, Colo., 1915

At the

border of | In the bare

Record No. Outside. | withered | or mearly

and bare | bare area.

areas.

( 12. § 20.9 22.7
30.8 12. 3 20.9
41. 7 6.4 9-3
. 83.4 41.7 22.9
First record, begun June 12.......00c0vivvnvsnnneeaas 41.7 20.9 22.7
. 41.7 6.4 83. 4
83. 4 7.6 60. o
83. 4 27.8 22.7
83.4 10. 8 22.7
AVerage. ..t viviiiiririreinnennnianansnrenas 55. 7 17.2 3.9
87.0 69. 0 46. 5
46. 5 44. 5 69. o
87.0 44. 5 69. 0
105.0 69. 0 46. 5
Second record, same place, begun June 26............. 74.0 87.0 46. 5
. 87.0 27. 4 69. 0
105. 0 29.0 105. 0
953 69. 0 27.4
105.0 46. 5 29.9
AVeIage. .. .vvveeiiiiiiiiiiii e 88.0 54.0 56. §

EFFECT OF FAIRY RINGS ON VEGETATION
RINGS OF AGARICUS TABULARIS

The first effect noted by the penetration of the filaments of this fungus
into the soil occupied by short-grass vegetation is the slight stimulation
of all the native plants. The stimulation (fig. 3, zone 4) is noted in the
deeper color of the short grasses and in the greater and more rapid growth
of the annuals (Plantago purshii, Festuca octoflora, Hedeoma nana, etc.)
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and the perennial plants such as Gulierrezia sarothrae and Artemisia
frigida, all of which grow in the native sod. The fruiting bodies of the
fungus occur in this stimulated zone. The soil in the area just inside
zone 3 (fig. 3) is permeated with filaments of the fungus from a depth of
about 8 cm. to a depth of something over 30 cm. During years of
normal or subnormal rainfall the soil of this zone is dry, and since water
does not penetrate this soil, this zone is marked by dead or dying plants,
or by the absence of a plant cover of any kind. Inside this bare zone,
where the mycelium has died and partly disappeared and where moisture
can penetrate more freely, the vegetation which is now composed largely
of ruderals (fig. 13), is as luxuriant as is permitted by the soil-moisture
supply and the increase in available nitrogenous material. The vege-
tation on the inside of the ring (zone 1) does not differ in composition and
appearance from that outside (zone j5), although it has been destroyed
and reestablished.
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FIG. 14.—A bisect of a ring of Agaricus tebularis in a wheat field in 1915, a year of ample mois-
ture supply.

The effect of the fairy ring caused by Agaricus tabularis on the native
vegetation varies greatly with the moisture supply. The appearance of
the ring is entirely different during a dry year (PI. 16) and during a wet
year (Pl 19), and no description can be given which will apply at all
times. The zones of greatest potential stimulation of plant growth due
to available nitrogenous material may be brown and dry, owing to the
lack of available soil moisture. The dead zone is only an expression of
the extreme drouth produced by the combination of dry weather and
unfavorable soil conditions. If rain is continuous and well distributed,
the vegetation does not die, and a ring in which the bare zone has all
but disappeared is the result. This condition was produced artificially
in 1916 (PL 23, B). But since such a combination of favorable condi-
tions seldom occurs in eastern Colorado the bare zone is well marked
during normal years and can be distinguished even during wet years.
The bare zone originates in the outer stimulated zone. During summer
or late fall, or during dry years, this is changed to a withered condition,
and if drouth is prolonged, to a bare condition due to the death of the
grasses. )
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By gradual extension the mycelium develops another stimulated zone
outside, and this in turn withers. In this way the dead zone is gradually
increased on the outer edge. As the mycelium under this area becomes
older it gradually dies out. Water penetration then becomes more nor-
mal and the ample supply of available nitrogenous material produces
the inner stimulated zone.

The effect of rings of this type on cultivated plants is about the same
as on the native plant cover. During a wet year the relative stimulation
and depression of growth of the different areas is shown in the bisect
(fig. 14; see also Pl. 21). The wheat just beyond the mass of mycelium
showed a slight stimulation as compared with that entirely outside the
ring. Over the area of dense mycelium the plants ripened prematurely
and did not produce as much straw as in the normal crop. The grain pro-
duction was very low. Back of the dense area of mycelium the fungus
filaments were evident only at greater depths in the soil, and here the
greatest stimulation of the wheat crop occurred. The results of crop-
pings made at this time are shown in Table XXII.

TABLE XXII.—Yield of wheat per square meter in a ring of Agaricus tabularis

Item. Inside (1). Bar(x;)z-one Outside (5). Ratio 3:s.
During a wet year, Akron, Colo., Aug. 12,
1915: |
Wh%a% ring— |
Numberofheads. ................... oo, 108 190 57
Height...........oooiviiat 151 T 93 210 44
Total dry matter.. ............... gm. .|, 401 500 8o
Grain.......o.oooiiiii i gm. |......... 63 137 46
During a dry year, Akron, Colo., July 6, 1916
Wheat ring 8— !
Total dry matter. . ............... gm. .| 91 o 108 |.. ... ...
Wheat ring 9— |
Numberofheads. . ................... 150 30 2977 12
Height........oooviiiiiiiin, cm. . 50 30 57 53
Total dry matter................. gm.. 156 34 260 13
Wheat ring 10—
Numberofheads. .. .................. 54 o 160 [ovvnnnnn.
Height............oooiiiiat. cm.. 35 o | 50 [veeennen.
Total dry matter. . ............... gm. . 57 ol 132 |oeennnnnn

In the same table the effect of the fairy ring on a wheat crop during
a dry year is shown (Pl. 22). The zone just above the densest area of
mycelium (bare zone 3) was then practically free of plant growth. The
results in the table indicate clearly the harmful effect of this fungus on
the crop during normal or dry seasons. Only in the case of ring 9 was
any wheat produced in the bare zone, and the yield there was partly due
to the width of the zone (only about 1 meter’ and to the slight extension
of the cropping into the adjacent zones.
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In an oat field in 1915 a similar effect was noted but instead of a de-
pressed growth over the dense mycelium area, the moisture supply had
been sufficient to mature the crop on most of this zone. Along the line
of fungus fruiting bodies the oat plants were small and weak. The
relative height of the oat plants in different portions of the ring is given
in Table XXIII.

TaBrLe XXIII.—Height of oat plants in different zome of an Agaricus tabularis ring
Akron, Colo., July 12, 1915.

Zone, Zone No. Hpellagtll’tts?f
Cm.
Inside. ... ..o 1 77
Inner stimulated zone.............ciiviiineiniinennnn. 2 112
Fruiting zone........oovviiiiiiiiiiii i 4 60
Outside. .. ..oovv it 5 76

It is evident that in this case drouth was not operating to the detri-
ment of the oat plants in such a wide portion of the area, and the usual
depression of growth over the dead zone was not evident except in the
immediate vicinity of the fungus fruits. The land had been plowed in
the spring, and the heavy and continuous rains had maintained even the
mycelium-impregnated soil in a moist condition.

RINGS OF CALVATIA CYATHIFORMIS

In figures 5 and 6 the principal zones found in rings formed by this
fungus are sketched. The only effect produced on the vegetation by
this fungus is to stimulate the growth on the area just inside the fruiting
zone. The short grasses are not injured in these rings, and the weedy
annuals do not eunter. Festuca octoflora, Plantago purshit, Hedeoma
hispida, and the short grasses usually grow luxuriantly in this stimulated
zone. Their growth is more rapid, and the plants darker green in color.
The stimulated zone in these rings does not differ essentially as to vege-
tation from the outer stimulated zone of the ring of Agaricus tabularis;
and since the perennial vegetation is not killed, the bare zone does not
exist, nor is the inner stimulated zone (or weed zone) of the Agaricus
ring represented in the Calvatia ring. The position of the stimulated zone
in Calvatia rings is within the circle of fruits instead of outside of it, as in
the case of the outer stimulated zone 4 in Agaricus rings.

The vegetation inside does not differ from that outside, excepting fol-
lowing years of more than normal moisture supply, when the short grass
cover just inside becomes more dense than outside, due to better growth
in the stimulated zone (PL. 27, B).

The effect of Calvatia cyathiformis on the cultivated crop is similar
to that on the native. During dry years, such as 1916, no effect could be
noted. It is evident from the remapping (fig. 8) of the area shown in
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figure 2 that only rings formed by Agaricus tabularis could be found in
the wheat field during 1916. These were noticeable because of the de-
pression of the growth of the wheat. Those formed by C. cyathiformis
could not be distinguished, since they had produced no effect on the

<rop.
OTHER FUNGUS RINGS

Agarwcus campestris, Calvatia polygonia, C. fragilss, Catastoma sub-
terraneum (Pk.) Morg., Marasmius oreades, and Tricholoma melaleuca do
not differ markedly from C. cyathiformis in their effect on the vegetation.,
Lepiota morgani occurred in a sandy soilin bunch-grass vegetation (Shantz,
1911, p. 54). No effect was noted on the native cover, although a great
number of fruits had been produced.

GRAZING AND CULTIVATION

An especially interesting effect is seen in areas which are grazed. The
grass in the stimulated zone appears to be more palatable than the less
luxuriant grass in the adjacent sod and this zone is therefore often easily
distinguished by the closely cropped grass.

Rings formed by Calvatia cyathiformis have not been found fruiting
in cultivated fields. C. polygonia continues to fruit after land is culti-
vated, several rings having persisted in fields which have been under cul-
tivation for a period of five years. Agaricus tabularis produces rings
which seem to persist without injury under cultivation. The ring shown
in the wheat field (Pl 14, C; 21, A) was on land which has been under
continuous cultivation for the past seven years. These rings often fruit
as well as in cultivated fields as in the native soil.

CAUSE OF THE STIMULATED GROWTH

Practically every investigator of fairy rings has noted a stimulated
growth of the natural vegetation on fairy rings. This stimulation was
attributed to the decay of the fungus fruits or mycelium by Wollaston
(1807), Way (1847), Westerhoff in 1859 (¢n Ritzema Bos, 1901), Berkeley
(1860), Jorden (1862), Gilbert (1875), Van Tieghem (1884, p. 1044-10435),
Olivier (1891), Stahl (1900), Ritzema Bos (19or), Beille (1904, p. 381),
and Massart (1910). The principal constituents which contributed to
this stimulation were potash, phosphated alkali, magnesia, and sulphate
of lime, according to Way (1847), and nitrogenous and mineral manuring
according to Gilbert (1875). Westerhoff in 1859 (¢n Ritzema Bos, 1901)
actually produced the stimulated growth of the vegetation by scattering
over the surface mushrooms cut up into small pieces. Jorden (1862)
attributed the stimulation to the fertilizing effect of the ammonia which
the fungus absorbed from the atmosphere. Lawes, Gilbert, and War-
ington (1883), and Ballion (1906), attributed the stimulation to the decay
of fungus fruiting bodies and filaments and to the nitrates and residual
products formed by the action of the mycelium on the organic matter of
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the soil. Molliard (1910) stated that the mycelium acted directly on
the organic matter of the soil and produced ammoniacal salts which cause
the stimulation of the grass the following season.

Bayliss (1911) attributes the stimulation to the better nitrogenous
nutrition due to the action of proteolytic enzyms on the dead roots.
Miinch (1914) stated that rings which produced no mushrooms showed
the same stimulation and that the stimulation could therefore not be
entirely due to decaying fruiting bodies.

The mushrooms produced in eastern Colorado seldom decay in place.
Marasmius oreades and even the species of Agaricus dry up in place and
are often blown away. The spore masses of the puffballs are blown
away, and the sterile bases remain in place for a year or more until loos-
ened and blown away. Many of the fairy rings fruit only every few
years, but are distinctly marked each year by the stimulated growth of
the grasses and other plants. Although the fruiting bodies would stimu-
late the growth of plants where they decay, the conditions in eastern
Colorado are such as to minimize their effect.

As already pointed out, the growth of the mycelium produces profound
changes in the organic matter of the soil, liberating ammonia, which is
again built up into nitrates or may form ammoniacal salts, both of which
greatly stimulate the vegetation. The principal stimulation is probably
due to these changes. Some indication of the effect of the decay of the
mycelium on the stimulated growth may be obtained by a comparison
of the rings formed by Agaricus tabularis and those formed by other
fungi. In the case of A. fabularis the ring is very broad, the stimulated
zone often extending back 2 to 5 meters or more behind the fruiting zone.
In the Calvatia, Marasmius, or Catastoma rings, where only a small
amount of mycelium is developed and where it is comparatively difficult
to distinguish the threads in the soil, the stimulated zone is always narrow,
seldom extending more than a meter behind the fruiting zone. In this
case the stimulated area is the area in which the fungus filaments are re-
ducing the organic matter of the soil while in the ring of Agaricus tabularis
the larger inner stimulated zone is due largely to the decay of the mycelium.
A comparison of the amount of ammonia and nitrates in the Calvatia and
Agaricus ring shows that the ammonia is comparatively more abundant
in the area occupied by the active mycelium and that nitrates are com-
paratively more abundant in the area of dying mycelium. This sug-
gests that the fungus mycelium reduces the protein of the organic matter
rapidly to the end product ammonia but that during decay of the my-
celium, which is accomplished by bacteria, and which probably takes
place slowly, this end product is rapidly built up into nitrates. It
would seem therefore that the greatest stimulation of vegetation would
be found in the case of the fungus which had the greatest mass of my-
celium. Thisis undoubtedly true, for in the case of Calvatia cyathiformss,
where only a small amount of mycelium is developed the stimulated
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area consists of only a narrow zone near the edge of the ring, while in
A. tabularis the zone extends far back toward the center of the ring.

From our results it seems likely that the greater amount of stimulation
noted on the native sod and cultivated crop is due to the reduction of
the nitrogenous organic matter to available nitrates and salts of ammonia,
and to the subsequent decay of the fungus filaments which produce the
same compounds. A stimulation of vegetation exactly similar to that
in the fairy rings was produced artificially at Akron, Colo., by placing
ammonium nitrate in shallow holes in the soil and by scattering it over
the surface of the soil during the rainy period.

The investigations thus far conducted indicate that the stimulation
of the grasses and other vegetation is due principally to the presence in
the soil of nitrates and salts of ammonia which are derived from (1) the
reduction of the organic matter of the soil; (2) the decay of the fungus
fruits; and (3) the decay of the mycelium.

TaBLE XXIV.—Effect of fairy rings on the chlorophyll content of plants, Akron, Colo.,
1915.8

RINGS OF CALVATIA CYATHIFORMIS, JUNE 28

| Percentage of alcoholic extracts of

crude chlorophyll.
Plant.
: In stimu- .

Outside. | lated zone. Inside.

- Percent. | Percent. | Per cent.
Bouteloua gracilis ..., 100 | 340 125
Plantago purshic. .......... ..o, 100 | 280 120
Bouteloua gracilis . ... 100 175 127
Plantago purshii. .......... ... ... .. . o il 100 110 105
Mean. ... 100 226 119

RINGS OF AGARICUS TABULARIS, JUNE 18

Gutierrezia sarothrae. .. ........... ... ... .. ... ... 100 110 90
Artemisiafrigida. .. ... ... ... . i i i 100 200 200
Malvastrum CoCCinesm . .. ............ccooueieanaiaan., ' 100 225 300
Festuca octoflora. .. ......................... S 100 200 90
Hedeoma nam@. . .........oviiiiniiiiiiiiin s 100 200 | 135
Plantago Purshit. .. ......... ... i, 100 265 | 135
Bulbilis dactyloides. .. .. .......... ... ... ... 100 260 | 255

Mean. ... 100 209 172

a The chlorophyll was extracted from equal areas of leaf lamina by cold go per cent methyl alcohol. The
extract was made in the dark. Colorimetric determination was made on the crude extract, the values
outside being taken as roo.

CHLOROPHYLL CONTENT

One of the most characteristic features of fairy rings is the deep-green
color of the vegetation in the stimulated zones. This effect was noted by
many investigators, but no quantitative determinations of chlorophyll
content have been made. The writers have determined by colorimetric
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methods the relative density of the crude chlorophyll. Extracts were
made in the dark with cold go per cent methyl alcohol. The results
indicated in Table XXIV show that the chlorophyll content is about
twice as great in the stimulated zone as outside. The results are quite
uniform for the different plants and also for the Agaricus and Calvatia
rings. Similar measurements of the chlorophyll content in oat fields
showed the amount in the stimulated zone to be twice as great as normal.
The cause of the increase in vigor and chlorophyll content seems to be
amply explained on the basis of the available supply of nitrates and
salts of ammonia.

CAUSE OF THE DEATH OF THE VEGETATION

The death of the vegetation noted by many investigators has been
attributed to a number of different causes. The fungus filaments were
thought to absorb all nutrient material from the soil and thus cause the
death of the grasses, etc. This view was held by Wollaston (1807),
Van Tieghem (1884, p. 1044~1045), Olivier (1891), and Beille (1904,
p. 381).

Berkeley (1860, p. 41) attributed the death of the grasses to the effect
of the death of the spawn of the fungus, while Jorden (1862) attributed
the death of grasses to the entangling action of the filaments and their
strong “effluvia.”

The cause of the death of the grasses was attributed to parasitism on
the part of the fungus by Ballion (1906) and Bayliss (1911), the latter
stating that the roots were directly attacked by the fungus filaments
and killed by toxic excretion.

The impenetrability of the soil to moisture, or the dry condition of
the soil, was believed by Ritzema Bos (1g01) and Molliard (1910) to be
the chief cause of death of the grass. The latter attributed part of the
harmful effect to the high content of ammoniacal salts.

In the investigations of the writers the death of the vegetation noted
in rings formed by Agaricus tabularis was always accomplished by lack
of available soil moisture. No harmful effect could be noted on the
vegetation as long as the soil contained available water. During years
that were uniformly wet throughout the growing season the vegetation
was not noticeably damaged, while during dry years or periods of drouth
the plant cover would be partly or entirely destroyed just above the
dense mycelium. As stated elsewhere, the penetration of water into
the mass of soil filled with mycelium is very slow if the soil is once dried.
The stimulation of growth hastens the drying out-of this soil mass; and,
when once dry, it remains dry even through heavy and continued rain.
During ordinary years, when the moisture supply was sufficient on the
natural sod, drouth was severe over the mycelium-impregnated soil.

If parasitism or toxic secretion were the cause of the death of grasses
in this area, the vegetation would be attacked while still growing and
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while sufficient moisture remained in the soil to maintain the fungus
and the grass roots in active condition. In order to test the effect of the
mycelium on the native vegetation, the following experiment was con-
ducted during the dry season in 1916. A strip about 6 meters long and -
3 meters wide was selected on the edge of a ring of Agaricus fabularis
where the zones were well defined. This strip extended 1 meter out
from the border line between the withered zone (4) and the bare zone (3),
and 2 meters inside of this line over the inner stimulated zone (2), and
into the inside (1). The water was poured on slowly to prevent run-off
and to give all parts of the plot approximately the same amount. The
watering here was begun on June 12 and continued during the next four
days. An equivalent of 2 inches of rainfall was added to the plot. On
June 28 the plot, in contrast to the dry sod, stood out sharply because of
the tall growth and fresh green color of the vegetation. A trench cut
across the area just after the irrigation (P1. 24, A) showed the soil to be only
slightly moistened under the bare zone (3) and outer stimulated zone (4),
but much moister under the inner stimulated zone (2). The upper 3 or
4 inches in the bare and outer stimulated zone were quite moist. By
July 24 the grass, which had grown up rapidly on the bare zone, had
again become dormant, owing to drouth. The plot was accordingly -
irrigated a second time with an equivalent of 3 inches of rainfall. By
August 14 (Pl. 23, B) Grindelia squarrosa, Psoralea tenniflora, Malvastrum
coccineum, Guiterrezia sarothrae, and Artemisia frigida were all much
more vigorous here than in the natural sod. Culms of grama grass were
10 to 12 inches high and abundant on the plot, but out in the normal sod,
where the grass had fruited but rarely, they were only 4 to 6 inches high.
The few remaining plants in this bare area had revived and spread until
it required close examination to distinguish the various zones, although
the grass was denser and somewhat taller in the outer stimulated zone
(4) just outside of the bare zone (3).

It seems evident from the behavior of the vegetation under irrigation
that the fungus does not directly attack the grasses, nor does it injure
them by producing harmful decomposition products. It does, however,
bring about a condition of almost certain drouth, under which even the
grama and buffalo grasses of the Great Plains die.

ERADICATION OF FAIRY RINGS

Fairy rings cause bare paths and spots, ununiform growth, and unequal
color in lawns. Since the value of a lawn is entirely dependent upon
the uniform appearance of the turf, the presence of even a small area in-
fluenced by fairy rings destroys the effect of the whole. Usually these
dead areas are reseeded, but no good effect can be secured in this way,
since the fungus mycelium moves on into new grass, and the follow-
ing year the appearance is as bad as before. In meadows the effect is
similar to that on lawns, while in cultivated fields the rings may cause a
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total loss of the crop over the areas occupied by the ring. In some
areas these rings are very numerous, It is estimated that they influence
betweent 0.5 to 1 per cent of the area shown in the map (fig. 1). Evena
1 per cent reduction in gross yield is important when deducted from the
net profit. Although there are areas where no fairy rings occur, other
areas are badly infested with them. Often areas are found where the
rings are more abundant than shown on the map.

In experimental plots the presence of fairy rings is a serious obstacle.
A large ring of Agaricus fabularis may reduce the yield of a one-tenth
acre plot to 50 per cent. Under a most favorable set of climatic con-
ditions it may greatly increase the yield. It is therefore impossible to
rely on results from plots occupied by fairy rings. Many of the inequali-
ties of experimental plots are due to this cause, and the eradication of
rings on such plots is as important as the experiments which are conducted
on the plots.

Persoon (1819, p. 4) observed that if a ring was dug up suceessively
for one or two years the same species reappeared eventually, but it was
solitary and scattered.

Sorauer (1886 p. 270-272) stated that repeated digging up of the soil
at the periphery of the ring would dry and kill the fungus.

McAlpine (1898) recommended soaking the ground thoroughly with
sulphate of copper (or Bordeaux mixture), sulphate of iron 10 per cent,
and strong lime water to kill the fungus.

Ritzema Bos (1901) stated that the rings could be destroyed by digging
them up in dry, hot weather and exposing the soil to sunshine.

The principal methods suggested for the destruction of fairy rings
have been the application of sulphates of copper and iron or repeated
stirring of the soil, especially during dry periods. The latter method
would be best when applied to experimental plots, since it would not
introduce into the soil chemical substances which might possibly have a
subsequent effect on crop production. Where the method of digging
up the soil is not practicable, the application of fungicides, such as
Bordeaux mixture, to the soil immediately over and a little in advance
of the rings should be effective.

SUCCESSIONS INDUCED BY FAIRY RINGS

None of the previous investigators made a study of the revegetation
following the destruction of the vegetation in the fairy ring. Tulasne
and Tulasne (1851, p. 157) mentioned the fact that the production of
weeds is due to the digging up of the soil by truffle hunters. Ballion
(1906) noted the fact that at the first rains in the fall the perennials on
the denuded zone, like “ravenelles” (wallflower) and “oseille” (sorrel),
began to grow again and annuals sprang up from seeds fallen on the bare
ground. None of the other investigators mentioned the effect on
revegetation.
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The effect of Calvatia cyathiformis and the other fungi which do not
produce a bare zone is the temporary stimulation of the natural vegetation.
This influence seldom covers a zone more than a meter wide. The
effect on the short grasses is to thicken the sod during years of ample
moisture supply (Pl. 27, B.).

Agaricus tabularis kills out the vegetation and initiates a succession
(fig. 15) not esseutially different from that occurring on abandoned
tilled land (Shantz, 1911) or on abandoned roads (Shantz, 1917). The
original vegetation is often entirely killed. On the inner part of the
area of bare ground
weeds develop to form
the first stage in the
succession. In this
area, which lies above
the demse mycelium,
the weeds which start
growth during the
spring rainy season are
usually killed by
drouth while still very
small! This area of
stunted annuals (fig.
15) constitutes the first

or early-weed stage in
h . d F16. 15.—A sketch of thestages in the succession leading to the reestab-
the succession and con- lishment of the short grass following its destruction by Agaricus

sists chiefly of the an- febularis.

nuals which are ordinarily abundant in the native sod, such as Plantago
purshit R. and S., Festuca octoflora Walt., Hedeoma hispida Pursh., Le-
pidium ramosissimum A. Nels.

During a normal year these plants dry off about the middle of June
and the area remains bare for the remainder of the season. Just inside
this zone and not sharply separated from it is the inner stimulated zone.
This zone is in the second or late weed stage and is dominated by a
luxuriant growth of the plants listed in the first stage and the following
more characteristic ruderals: Chenopodium incanum (S. Wats.) Heller,
Lappula occidentale (S. Wats.) Greene, Cryptanthe crassisepala (T'. and G.)
Greene, Amaranthus blitoides (Wats.).

Following the late-weed stage several of the stages clearly recognized
on abandoned roads or cultivated fields can be distinguished.

The third, or short-lived grass, stage is marked by Schedonnardus
panniculatus (Nutt.) Trel., alone or with Malvastrum coccineum (Pursh.)
. Gray, and Sttanion hystrix (Nutt.) Smith,

)
=
Al

j=

1 Tf deep-rooted perennials such as Artemisia frigida, Gutierrezia sarothrae, etc., occur in this zone, they
occasionally continue to grow, due to a supply of available soil moisture in the deeper layers of the soil.

7769°—17——4
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The fourth or perennial stage is shown by the entrance of Gutierrezia
sarothrae (Pursh.) B. and R. and Artemisia frigida Willd.

The fifth, or short-grass, stage is established gradually and Bulbilis
dactyloides, which in this case must depend largely on reseeding, does not
predominate over Bouteloua gracilis. As a result the two short grasses
are established and the final stage reached without the development of
the characteristic Bulbilis stage.

In figure 13 a bisect and transect of a ring of Agaricus tabularis is
shown. The zones here are unusually wide, and the mapping made in
1916 is characteristic of a dry year. Very few annuals appear. During
1915 the early weed stage to some extent, but especially the late weed
stages, were marked by a very luxuriant growth and a dense stand.
Such annuals as Festuca octoflora, and Plantago purshit occurred abun-
dantly in every zone and stage of revegetation. This ring is shown
because it illustrates the succession stages somewhat better than the
narrower rings in which the short-lived grass stage usually occupies a
much narrower zone.

The zone of disturbed vegetation is usually about 3 meters broad in
these rings of Agaricus tabularis. Estimates of the rate of advance of
this fungus given earlier in the paper were 12 cm. per year. At this
rate the time required for the vegetation to become reestablished would
be 300+ 12 or 25 years. This estimate is in accord with previous studies
in succession on abandoned plowed fields (Shantz, 1911) and on aban-
doned roadways (Shantz, 1917).

GENERAL DISCUSSION

Under normal conditions in eastern Colorado Agaricus tabularis pro-
duces an enormous superabundance of spores. From the number and
age of the fairy rings which are shown in figure 2, new rings are only
rarely formed. Most of the rings are fragments of old rings which
have long since ceased to be true or complete circles. The conditions
necessary for the germination of spores of Agaricus spp. have been the
subject of many investigations. More recent summaries and studies
(Ferguson, 1902; and Duggar, 1905) show clearly that the conditions
most favorable to germination would be seldom realized on the Great
Plains. Nor would there be chances of reproduction by fragments of
tissue. The effects of the presence of old fruits and mycelium on germi-
nation of spores would only tend to cause germination where the myce-
lium already existed. Only rarely do spores germinate and produce new
rings. At first these would not present the appearance of older fairy rings,
but would merely represent small more or less circular areas in which spor-
ophores are produced and the native grasses are stimulated (P1. 30, C.).
The mycelium would spread out in all directions as practically all
fungi do in culture media. During the first year or two there would
be no differentiation into zones, but subsequent gradual outward growth
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would result in the separation of the zomnes shown in figure 3 (at A).
Outward growth would be slow, approximately 12 cm. a year on an
average. This progress would not be regular, but would be wavelike,
being comparatively rapid, 30 to 6o cm. during favorable years and very
slow or none at all during unfavorable years. The sod would first be
stimulated by the increase of available nitrogen, owing to the reduction
of the organic matter of the soil, then killed by insufficient soil moisture
in the area of dense mycelium. As this mycelium began to decay, the
native ruderals would again invade and develop luxuriantly, owing to
the abundant supply of readily available nitrogenous material. These
ruderals would give way to short-lived grasses, and these in turn to the
short grasses of the natural sod. To use a figure already employed by
Ritzema Bos (1901), the spread of the mycelium would resemble the
spread of a flame started by dropping a match into dry grass. Even if
the grass were reestablished at a distance of a meter or so behind the
flame, the chances of the flame’s striking back would be very remote.
We may think of the flame as representing the active mycelium and the
grass as representing the organic matter of the soil on which the mycelium
feeds.

The fairy ring starts from the point of germination of the fungus spore
and spreads outward at approximately an equal rate in all directions.
In case of an obstacle, such as an ant hill, or another fairy ring, growth
stops at this point. In the case of an ant hill the ring will close in around
it as soon as it is passed and tend to regain its original complete form.
In case two rings meet they do not continue, but are exterminated at the
line of contact. As the fungus filaments spread outward they consume
a portion of the organic matter of the soil. Carbohydrates are con-
sumed, and the proteid portion is consumed or changed into amino acids
and then to ammonia. The fungus advances and never recedes, since
the young growing filaments are always advancing into new soil and
since only the old filaments lie on the inside of the ring where the avail-
able portion of the organic matter of the soil has already been con-
sumed by the fungus.

The effect of the fungus filaments on the soil is to reduce a part of the
organic matter to ammonia, which is combined to form ammoniacal salts
or is converted by bacteria into nitrites and later into nitrates. When
the mycelium dies, it is reduced by bacterial action to ammonia, which
may later be built up into nitratés. The increase in available nitro-
genous material in the soil occupied by the young mycelium stimulates
the growth of the grasses or other plants, which consequently make
greater demands on the soil moisture. When this is once exhausted
(in Agaricus tabularis), the mass of fungus filaments prevents the pene-
tration of rain water. The intense drouth to which plants are thus
subjected Kkills off the buffalo and grama grasses and the other plants
which may be associated with them. The area is thus left bare for the
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invasion of other plants. The mycelium after a few years dies, leaving
the soil still more enriched and no longer impervious to water.

The first stage in the succession on this bare area is (1) an early-weed
stage, followed by (2) a late-weed stage. This is followed by a (3) short-
lived grass stage, and this by a (4) perennial stage, which gives way to
the (5) original short-grass cover.
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PLATE 10
Agaricus tabularis:

A.—Three fruiting bodies about 10 to 15 cm. in diameter showing variation in the
pileus. Akron, Colo., June 14, 1915.

B.—Large, firm, fleshy fruiting bodies 1o to 15 cm. in diameter. Akron, Colo.,
July 7, 1909.

C.—Three typical fruiting bodies. From left to right these weighed respectively
207, 298, and 163 gms. each. The largest wasabout 17 cm. in diameter. Akron, Colo.,
July 12, 1909.

D.—Bottom view of fruits 7 to 15 cm. in diameter. Akron, Colo., June 14, 1915.
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PLATE 11
Agaricus tabularis:

A.—Sporophores developed in a dense stand of Agropyron smithii, which protected
them from rapid drying. In this location the tops were smooth. The fruiting body
was 12 cm. in diameter.

B.—Sporophore from the same ring as figure A, but freely exposed and showing the
rough scaly top. The fruiting body was about 12 cm. in diameter.

C.—Typical of fruiting bodies exposed on dry hot days. Fruiting bodies 10 cm. in
diameter. The figures of Plate 11 show variation in pileus. Akron, Colo., June 15,
1916.



PLATE 12
Agaricus tabularis:

A, B.—Two fruiting bodies showing smooth and neatly smooth pileus. Greatest
diameter, 11 cm. Akron, Colo., 1915,

‘C, D.—Two fruiting bodies showing the rough or tabular structure of the pileus.
Greatest diameter, 9.5 cm. Akron, Colo., 1915.
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PLATE 13
Agaricus tabularis:

A.—Two fruiting rings showing large fruiting bodies about 15 cm. in diameter and
of relatively uniform size. Akron, Colo., June 7, 1909.

B.—A ring just after the fruiting period. The area in the ring is distinguished by
dead short grass with small plants of Plantago purshii and Festuca octoflora and unusu-
ally luxuriant plants of Artemisia frigida, the roots of which penetrate below the dry
soil layer of the ring. The inside of the ring is marked by the abundance of annuals,
of which P, purshkii is the most prominent and abundant. Akron, Colo., June 25, 1915.



PLATE 14
Agaricus tabularis:

A.—A fruiting ring. The vegetation outside of the ring is pure short grass with
Festuca octiflora and Plantago purshii. At the outer edge of the ring 18 mushrooms
occur in the portion shown in the photograph. Just back of the fruiting area the
short grassis dead or dying. In thisarea there are a few very small plantsof P. purshiz,
Lepidium ramossissimum, and Chenopodium incanum. The inside shows a rank growth
of L. ramossissimum, Lappula occideniale, P. purshii, and Festuca octoflora. Akron,
Colo., June 14, 1915.

B.—The mycelium as it appears on the soil mass. So dense is this fungus growth
that all crevices in the soil are filled with white hyphe. Water penetrates very slowly
into a dry soil in this condition. Akron, Colo., August 14, 1915. '

C.—A trench across a ring of A. fabularis in a Kubanka wheat plot, showing the
mycelium in the soil. A sketch of this trench is shown in figure 14. The mycelium
in the ring fills the soil lying from 10 to 30 cm. in depth. The ring is about 4 meters
wide, and on the inside of this area the mycelium occurs sparingly at a depth ex-
ceeding 30 cm. The mycelium may have grown down as it died above. The soil is
very dry in the mycelium area, but moist where no mycelium occurs. The available
water was 0.6 per cent in the mycelium and 11.6 .per cent in the soil outside the
mycelium area. After a rain the soil above the mycelium remained very wet, owing
to the failure of moisture to penetrate the dry mycelium layer. Only that portion of
the soil above the mycelium (3 or 4 inches) was moistened by the rain on August 6
and 7 of 1.8¢ inches, while the soil in the adjacent areas was wet to a depth of over
1 foot. Akron, Colo., August 10, 1915.
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PLATE 15
Agaricus tabularis:

A.—A trench across a fairy ring. This reproduction of a photograph which was
taken after a rather heavy rain shows the dry soil area (light-colored) in the ring and
extending back inside the ring. The darker soil above is freer from mycelium, while
the light soil is filled with a dense growth of mycelitim. In the foreground the moisture
has penetrated around the end of the mycelium and back underneath, showing dis-
tinctly the difficuity with which the dry soil filled with mycelium is wetted. The
mycelium comes to within 2 or 3 inches of the surface of the soil, and is usually about
1 foot in advance of the fruiting bodies. Akron, Colo., August 2, 1915.

B.—Another trench showing a different distribution of the mycelium in the soil.
Akron, Colo., August z, 1915.



PLATE 16
Agaricus tabularis:

A.—General appearance of a fairy ring formed by A. tabularis during a dry year.
The bare zone shows clearly at the right. Scattered through this are a few remnants
of the short grass and also a few plants of Artemisia frigida. ‘The roots of the latter are
partly below the soil occupied by the mycelium. Just at the left of this bare area the
grass is closely cropped and withered. This is the outer stimulated zone of wet
periods. The illustration does not show the difference between this zone and the
normal vegetation at the left. Akron, Colo., August 7, 1916.

B.—General view of a ring formed by A. tabularis; photographed during a dry year.
The vegetation at the left is normal. Just at the right the withered zone extends to
the lower right corner of the figure. The vegetation is dry and a little lighter colored
in this zone. Several old sporophores produced in 1915 are still found in this zone.
The darker area at the right is the bare zone and within this the inner stimulated
zone, which, because of the dry period, is not luxuriant. A detailed transect and
bisect of this ring are shown in figure 13. Akron, Colo., June 11, 1916.
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PLATE 17
Agaricus tabularis:

A.—A trench through the ring shown in Plate 16, A. ‘The lower end of the trench
is the outside and the upper end the inside of the ring. The outer withered zone lies
above the mass of mycelium shown at the right of the picture. The mycelium extends
back under the bare zone and becomes more or less interrupted just inside this zone.
Akron, Colo., August 7, 1916. \

B.—A trench through the ring shown in Plate 16, B. ‘The lower end of the trench
is the outside, the upper the inside of the ring. The mycelium is shown extending
nearly to the right end of the trench. The dense mycelium in the center of the
illustration lies under the bare area. A sketch of this trench is shown in figure 13.



PLATE 18
Agaricus tabularis:

A ring which produced only a few mushrooms in 1915. It is marked by the stimu-
lated growth of Festuca octoflora. In this stimulated area three distinct maxima can
be distinguished which form concentric rings. The first maximum occurs just inside
the fruiting zone, the secon:i about 2 feet inside, and the third about 4 feet inside the
fruiting zone. ’

w
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PLATE 19
Agaricus tabularis:

A.—Part of a large ring, showing 42 mushrooms. The area just inside the fruiting
zone is marked by dead or dying short grass. Inside this dead zone is a stimulated
area chiefly characterized by Festuca octoflora. Akron, Colo., June 15, 1915.

B.—A large ring, showing 75 fresh mushrooms. There are also 47 dry mushrooms.
Qutside the ring the vegetation is typical short grass. A narrow stimulated area,
marked largely by Festuca octoflora extends several inches in advance of the fruiting
zone. Just inside the fruiting zone the short grass is dead. Imside this dead zone
the vegetation consists largely of annuals and Malvastrum coccineum, with short grass
slowly becoming reestablished at a distance of about 4 meters inside the fruiting zone.
Akron, Colo., June 14, 1915.
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PLATE 20
Agaricus tabularis:

A ring caused by A. fabularis and distinguished by a uniform growth of Plantago
purshit. ‘This plant is almost as abundant outside of the ring as inside, but outside
it is very small and therefore not as noticeable. This is a relatively small ring, and
the stimulation extends to the center. Akron, Colo., June 14, 1915.
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PLATE 21
Agaricus tabularis:

A.—Effect of a ring on Kubanka wheat. The wheat at the left shows normal
production on the plot; at right, the straw is weak, the heads are poorly filled and
prematurely ripened. The yield of dry matter at the left was 500 gm. per square
meter; at the right, 400 gm. Even a greater difference was shown in the yield of
grain, that in the ring being 63 gm. and that outside being 137 gm. per square meter.
In this case the yield in dry matter inside was only 8o per cent of that outside and
the yield of grain only 46 per cent. Akron, Colo., August 10, 1915.

B.—The stubble showing the distribution of the ring of A. tabularis. The wheat
ripened off early in the ring, and the straw turned dark. The farther end of the trench
shown in figure 2 ended at about the middle of the foreground of this picture. Akron,
Colo., August 16, 1915.



PLATE 22
Agaricus tabularis:

A.—A ring formed by A. fabularis in a field of Turkey wheat. The bare zone is
the only prominent zone in this ring. The dry season prevented the development
of luzuriant growth on the stimulated zones. Akron, Colo., June 10, 1916.

B.—A trench across the ring shown in the figure above. The soil under the bare

zone was permeated with the mycelium and was very dry. Akron, Colo., July 18,
1916.
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PLATE 23

A.—Method of measuring the penetration of water in three zones of a ring of
Agaricus tabularis. The first three 2-liter flasks in the foreground are in the bare zone,
the second three are in the withered zone, and the three in the background are out-
side. Those in the bare and withered zones are still almost full of water while those
outside in the natural sod are empty. Akron, Colo., July 13, 1916.

B.—A ring of Agaricus arvensis showing the effect of irrigation during a dry year
on the different zones. At this period the vegetation both in the zones of the ring
and in the native sod was entirely dormant, due to drouth. On this account the
withered zone could not be distinguished from the other vegetation. The effect of
the surface flooding was marked between the lines C and D. The outer edge of the
bare zone is marked by the line A and the outside of the irrigated area by the line B.
The area 3 represents the bare zone during a dry year and was in the same condition
as that of area 1 at the beginning of the experiment. The effect of itrigation on the
natural sod is shown by comparing area 2 with area 4. It is clear that, although the
vegetation in area 3 was dying out owing to drouth, if water was continually supplied
in quantities sufficient to keep the surface soil continually moist the grasses and other
plants grew luxuriantly, indicating that the chief cause of the death of the vegeta-
tion was the deficiency in soil moisture. In the background of areas 1 and 2 is shown
the trench illustrated in Plate 20, A. Akron, Colo., August 14, 1916.



PLATE 24

A.—A trench across the irrigated plot shown in Plate 19, B. Although water had
been added continuously as rapidly as it was taken up by the soil, there was no
penetration into the mycelium area, which still remained very dry. The growth of
the native plants in this area was due entirely to the water available in the upper
3 or 4 inches of soil. Akron, Colo., June 28, 1916.

B.—A ring of Calvatia cyathiformis photographed August 21, 1907, 16 miles north
of Cheyenne Wells, Colo. The ring is not complete; 16 of the 27 fresh puffballs
should show in this illustration. Fifty-six sterile bases, the remnant of an earlier
crop, were found in the same zone occupied by the fresh fruiting bodies. Although
much of this section of country suffered severe drouth in 19o7, recent rains had
caused hundreds of these Calvatia rings to fruit. This ring was fully 200 meters
across.
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PLATE 25
Calvatia cyathiformis:

A.—A ring showing stimulation of native plants inside the fruiting zome. The
plants showing increased growth are the annuals Plantago purshii, Festuca octoflora,
Lepidium ramossissimum, etc., and the perennial short grasses and Artemisia
Jfrigida. The fruits are well in advance of this stimulated zone. The advance
here is from left to right. The second crop of pufiballs is seen. Akron, Colo.,
August 16, 1915.

B.—A trench through fruiting zone of C. cyathiformis. The soil is moist throughout,
owing to recent rains. The mycelium can be distinguished with difficulty and does
not render the soil impervious to water as does the mycetium of Agaricus tabularis.
Fruiting bodies are seen about 3o cm. ahead of the stimulated area in which Plantago
purshii shows greatest response. Akron, Colo., August 16, 1915.



PLATE 26

A.—A ring of Calvatia cyathiformis producing a second crop of puffballs. The
sterile bases of the June crop are still present and occur in the outer edge of the
stimulated area. Eleven fruits and ten old stumps occur in the same portion of the
ring. This ring is shown in figure 2 asring 5. The stimulated effect is shown chiefly
in the Plantago purshii, and is evident for a distance of 1.5 meters in the ring. The
first crop appeared at the very edge of this area. The second crop shown in this
illustration is about 30 cm. in advance of this area. Akron, Colo., August 16, 1915.

B.—A large ring formed by Lepiota morganii, showing a second crop of fruiting
bodies. The sketch of this ring (fig. 7) shows 10 fresh and about 5o dry fruiting bodies
from the earlier crop. The vegetation is largely Andropogon scoparius and Bouteloua
hirsuta, but no effect from the presence of the fungus is noticed on the native growth.
The ring is about 24 meters across and forms an almost perfect circle. The soil is
sandy. The young fruiting bodies are about 15 cm. in advance of the old. Twelve
miles southeast of Yuga, Colo., August 17, 1915.
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PLATE 27

A.—Three stages in the ripening of sporophores of Calvatia cyathiformis. The
fruiting body at the left has just formed, and the flesh is still white and in good condi-
tion to eat. - The peridium is already strongly marked. The fruiting body at the right
is at least 2 days older, and the peridium is breaking off in rather thin plates. In
the center is a still older fruiting body from the upper part of which the peridium has
blown away, exposing the spore mass. The diameter of largest fruiting body is 15 cm.

B.—Effect of a ring of C. cyathiformis on the density of the short-grass sod. The
area behind the short stakes is in the stimulated zone, while that in the foreground is
in the natural sod. The effect here has been to thicken the sod cover. Akron, Colo.,
June 10, 1916.

C.—Three fruiting bodies of Lepiota morganii in place in the fairy ring shown in
Plate 22B, and sketched in figure 7, and two fruiting bodies inverted. These fruiting
bodies are from 12 to 20 cm. in diameter.



PLATE 28

A.—A small ring formed by Agaricus campestris, showing a total of 29 mushrooms,
the largest being about 10 cm. in diameter. The footpath in the upper right portion
of the illustration has no connection with the ring. Akron, Colo., June 17, 1916.

B.—A large ring of Calvatia polygonia, showing 14 fruiting bodies, the largest of
which are 33 cm. in diameter, The diameter of this incomplete ring was about 100
meters. The puffballs occurred at the edge of a very green area of short grass. No
difference in composition of the native was noted, but the deep-green color and the
somewhat more luxuriant growth of the short grasses just inside the fruiting zone was
especially noticeable. Six miles southwest of Yuma, Colo., July 26, 1907.
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PLATE 29
Calvatia polygonia:

A.—Two fresh fruiting bodies showing the character of the peridium at different
stages. The fruiting body at the right is 30 cm. in diameter and is a little older than
that at the left. Yuma, Colo., July 20, 1907.

B.—An old fruiting body dried in place, showing the thick peridium scales.
Diameter 28 cm. )

C.—A large fruiting body 30 cm. across, which for some reason has split open during
the early growth period. The dry air has cured the tissue before mature spores were
formed. Fruiting bodies of this fungus are often found in this condition. Akron,
Colo., July 7, 1909.



PLATE 30

A.—The effect of a ring of Agaricus tabularis on the native vegetation. In this
ring the short grass is dying or dead, but Gutierrezia sarothrae is a little larger and much
greener in color than either outside or inside the ring. Akron, Colo., July 25, 1909.

B.—A ring of Catastoma subterraneum. The only outward evidence of the presence
of this fungus is the stimulated growth of Plantago purshii and the slightly deeper
green of the short grasses. The mycelium is not easily distinguished in the soil,
although the fruiting bodies are just breaking through the soil. Akron, Colo., August
16, 19135.

C.—A very small ring apparently caused by a fungus but marked only by a more
luxuriant growth of Festuca octoflora. Akron, Colo., June 15, 1915.
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